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Hydrogeology of the Gray Limestone Aquifer in

Southern Florida

By Ronald S. Reese and Kevin J. Cunningham

Abstract

Results from 35 new test coreholes and
aquifer-test, water-level, and water-quality data
were combined with existing hydrogeologic data
to define the extent, thickness, hydraulic proper-
ties, and degree of confinement of the gray lime-
stone aquifer in southern Florida. This aquifer,
previously known to be present only in southeast-
ern Florida (Miami-Dade, Broward, and Palm
Beach Counties) below, and to the west of, the
Biscayne aquifer, extends over most of central-
south Florida, including eastern and central Collier
County and southern Hendry County; it isthe
same as the lower Tamiami aquifer to the north,
and it becomes the water-table aquifer and the
upper limestone part of the lower Tamiami aquifer
to the west. The aquifer generally is composed of
gray, shelly, lightly to moderately cemented lime-
stone with abundant shell fragments or carbonate
sand, abundant skel etal mol dic porosity, and minor
quartz sand.

The gray limestone aquifer comprises the
Ochopee Limestone of the Tamiami Formation,
and, in some areas, the uppermost permeable part
of an unnamed formation principally composed of
guartz sand. Underlying the unnamed formationis
the Peace River Formation of the upper Hawthorn
Group, the top of which isthe base of the surficial
aquifer system. Overlying the aquifer and provid-
ing confinement in much of the areaisthe
Pinecrest Sand Member of the Tamiami Forma-
tion. Thethickness of the aquifer iscomparatively
uniform, generally ranging from 30 to 100 feet.
The unnamed formation part of theaguifer isup to

20 feet thick. The Ochopee Limestone accumu-
lated in a carbonate ramp depositional system and
contains a heterozoan carbonate-particle associa-
tion. The principa rock types of the aquifer are
pelecypod lime rudstones and floatstones and
permeable quartz sands and sandstones. The pore
types are mainly intergrain and separate vug
(skeletal-moldic) pore spaces. Therock fabric and
associated primary and secondary pore spaces
combineto form adual diffuse-carbonate and con-
duit flow system capable of producing high values
of hydraulic conductivity.

Transmissivity values of the aquifer are
commonly greater than 50,000 feet squared per
day to the west of Miami-Dade and Broward
Counties. Hydraulic conductivity ranges from
about 200 to 12,000 feet per day and generally
increases from east to west; an east-to-west shal-
lowing of the depositional profile of the Ochopee
Limestone carbonate ramp contributes to this
spatial trend. The aquifer contains two areas of
high transmissivity, both of which trend north-
west-southeast. One area extends through south-
ern Hendry County. The other area extends
through eastern Collier County, with atransmis-
sivity as high as 300,000 feet squared per day; in
thisarea, the aquifer isstructurally high, the top of
the aquifer iscloseto land surface, and it is uncon-
fined to semiconfined. The confinement of the
aquifer is good to the north and east in parts of
southern Hendry, Palm Beach, Collier, Broward,
and Miami-Dade Counties. In these areas, the
upper confining unit approaches or is greater than
50 feet thick, and vertical leakance islessthan
1.0 x 103 1/day.

Abstract 1



In most of the study area, the specific con-
ductance in water from the gray limestone aquifer
11,500 microsiemens per centimeter or less (chlo-
ride concentration of about 250 milligrams per
liter or less). Areas where specific conductanceis
greater than 3,000 microsiemens per centimeter
arefound wherethereisalow horizontal-head gra-
dient and the upper confining unit is greater than
50 feet thick. An area with specific conductance
less than 1,500 microsiemens per centimeter
extends from southern Hendry County to the
southeast into western Broward County and coin-
cides with an area of high transmissivity. How-
ever, much of thisareahas good confinement. The
potentiometric gradient also isto the southeast in
much of the area, and this area of low specific con-
ductance is probably caused by arelatively rapid
downgradient movement of fresh ground water
that has been recharged in Hendry County.

INTRODUCTION

Southern Floridais an area of rapid population
growth, and expanding urbanized areas are underlain
by the surficial aquifer system. Large ground-water
withdrawal s from the unconfined Biscayne aquifer of
the surficial agquifer system in southeastern Florida
could adversely affect sensitive wetlandsthat lieimme-
diately west of municipal well fields and agricultural
lands. These wetland areas include Everglades
National Park and several large water-conservation
impoundment areas that help to maintain the hydro-
logic regimes of southern Florida. Because of the com-
peting municipal, agricultural, and natural ecosystem
water-supply demands, alternate water suppliesneed to
beidentified and devel oped.

Therelations between the wetland ecosystemsin
central -south Florida and shallow aguifers are poorly
understood. A detailed understanding of the hydrogeo-
logic framework of the surficial aguifer system and
characterization of the its hydraulic properties could
greatly enhance current or planned efforts to simulate
the interaction between ground water and surface
water. Stratigraphic and hydrogeologic correlation
between the eastern and western coastal areasin the
surficia aquifer system is needed.

The gray limestone aquifer of the surficial aqui-
fer system could provide an additional water supply.
Additionally, definition of the hydrogeol ogic frame-

work inwhich it occursand determination of its extent,
depth, and hydraulic properties address the above

needs and questions. The U.S. Geologica Survey

(USGS), in cooperation with the South Florida Water
Management District (SFWMD), conducted a hydro-
geologic study of the gray limestone aquifer that began

in October 1995 and ended in September 1999. This

study was completed in collaboration with separate

USGS projects, entitled "Hydrogeology of the surficial
aquifer system in southwest Florida” and “Hydrogeo-
logic characterization and mapping of two semiconfin-
ing units in the surficial aquifer system, southeastern
Florida.” The study area includes parts of Miami-Dade,
Broward, Palm Beach, Monroe, Collier, and Hendry
Counties (fig. 1) and lies within the U.S. Department of
the Interior’s South Florida Ecosystem (Place-Based)
Program study area (McPherson and others, 1995).

The gray limestone aquifer was first identified in
western Broward County (Fish, 1988); subsequent drill-
ing traced the gray limestone aquifer into western
Miami-Dade County (Fish and Stewart, 1991). The
aquifer was described as “composed of gray (in places,
greenish-gray or tan) limestone of the lower part and
locally the middle part of the Tamiami Formation” and
“usually is shelly with abundant shell fragments or car-
bonate sand and minor quartz sand, and it is lightly to
moderately cemented” (Fish, 1988). In Broward and
Miami-Dade Counties, the gray limestone aquifer
underlies and extends west of the Biscayne aquifer
(fig. 2). It was unknown at that time if the aquifer
extended westward into Monroe, Collier, and Hendry
Counties, or if it was equivalent to the lower Tamiami
aquifer in Hendry County (Smith and Adams, 1988) and
western Collier County (Knapp and others, 1986). A
shallow aquifer, referred to as the shallow aquifer of
southwestern Florida, was mapped in Collier County
(Klein, 1972; Klein and others, 1975); however, a map
and cross section showing the extent of this aquifer indi-
cated that it is not present in a central area near the bor-
der between Collier County and Broward and Miami-
Dade Counties. In this area, only local discontinuous
water-bearing material of low yield was mapped.

Most of the data for the gray limestone aquifer
were collected as part of studies with a broader focus,
such as those by Fish (1988) and Fish and Stewart
(1991), and most hydrogeologic studies of the surficial
aquifer system have been restricted to coastal areas,
such as the one by Knapp and others (1986). One nota-
ble exception was a local study in central Miami-Dade
County of the gray limestone aquifer, in which it was
referred to as the Everglades aquifer (Labowski and oth-
ers, U.S. Geological Survey, written commun., 1988).

2 Hydrogeology of the Gray Limestone Aquifer in Southern Florida
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Purpose and Scope

The purpose of thisreport is to evaluate the
hydrogeol ogic framework, hydraulic properties, and
ground-water flow of the gray limestone aquifer in
southern Florida. The report also emphasizes the geo-
logic framework (stratigraphy and structure) and the
hydrogeologic framework (agquifers and confining and
semiconfining units) above and below the gray lime-
stone aquifer. Specifically, this report: (1) delineates
the configuration, thickness, and extent of the gray
limestone aquifer; (2) estimates the hydraulic proper-
ties of the gray limestone aquifer (transmissivity,
hydraulic conductivity, and leakance or degree of
confinement) and relates these characteristics to the
geologic framework; and (3) maps the distribution of
water level and water quality in the aquifer.

The lithology, limiting extent, and thickness of
lithostrati graphic units are determined by examination
of core, well cutting samples, archived lithologic
descriptions, and borehole-geophysical logs for
selected wells. Four hydrogeol ogic sections have been
constructed to show lithostratigraphic and hydrogeo-
logic units and their structure in southern Florida, and
maps have been constructed to show the configuration
of the top, base, and thickness of the gray limestone
aquifer. The geometry, thickness, and physical extent
of the hydrogeologic units are delineated on the basis
of lithologic and borehole geophysical data, well-to-
well correlation, core sample analysis, evaluation of
flowmeter log data, and aquifer test results. Estimates
of the hydraulic properties of the gray limestone aqui-
fer including transmissivity, hydraulic conductivity,
and leakance are made by analysis of aguifer test data.
Other hydraulic properties (porosity and hydraulic con-
ductivity) of the aquifer and its bounding low perme-
ability units are visualy estimated from core samples
and measured from core sample analysis. The distribu-
tions of water level and water quality in the gray lime-
stone aquifer have been mapped to gain an
understanding of ground-water flow patterns.

Relevant literature and well information con-
tained within the files of the USGS have been com-
piled. Data from deep petroleum exploration and
production wells supplemented the water-well data,
and samplesfrom cuttings coll ected from some of these
wells are described. Previously collected hydraulic
data pertaining to the gray limestone aquifer or to an
equivalent or related agquifer have been synthesized.

Description of Study Area

The study area includes inland parts of Miami-
Dade, Broward, Palm Beach, Monroe, and Collier
Counties, and the southeastern part of Hendry County
(fig. 1). The eastern boundary of the study area, which
isin eastern Miami-Dade, Broward, and Palm Beach
Counties, was chosen to include the eastern limit of the
gray limestone aquifer as defined by Fish (1988) and
Fish and Stewart (1991). Based on previous studies, the
other boundaries were chosen such that the enclosed
area could include the full extent of the gray limestone
aquifer. The western part of the study area extends to
central Collier County, to just west of State Highway
29. This highway nearly coincides with an axis of a
thick unnamed quartz sand deposit that underlies the
Tamiami Formation (Cunningham and others, 1998).
The northern boundary of the study areaisin central
Hendry County and is just south of a surface-water
divide (Parker and others, 1955, pl. 12).

Land-surface elevation in the study area ranges
from sealevel in coastal areas to dightly greater than
30 feet (ft) above sealevel in central Hendry County
and northwestern Collier County (Smith and Adams,
1988, fig. 3). Most of the study areafallsinto three
physiographic units that include the Sandy Flatlands,
Big Cypress Swamp, and the Everglades (fig. 3). The
western edge of the Everglades unit adjoins the other
two units, and approximately coincides with the L-2
and L-3 Canalsin eastern Hendry County and the L-28
Cana in Broward and Miami-Dade Counties. The
Sandy Flatlands unit in southern and central Hendry
County occupies the highest part of the study area and
borders the other two unitstypically at an elevation
ranging from 15 to 20 ft above sea level (Smith and
Adams, 1988, fig. 3).

Thetwo major east to west highwaysthat traverse
the study areaare Tamiami Trail (U.S. Highway 41) and
Alligator Alley (Interstate 75). From west to east, major
north- or northwest-trending canals include the L-28
Interceptor, L-2, L-3, L-28 (North and South), Miami,
North New River, and Hillsboro Canals (fig. 3). The
Tamiami Canal lies along the north side of Tamiami
Trail. Water-conservation areas are present in southeast-
ern Palm Beach County, western Broward County, and
northwestern Miami-Dade County and occupy much of
the Everglades unit area (fig. 3). Water flows, or is back-
pumped, into these water-conservation areas and is
stored to: (1) maintain ground-water levels, (2) provide
recharge to municipa well fields, and (3) maintain
surface-water flows to Everglades National Park.
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Modified from Parker and others (1955, pl.12).
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Important public land areas in the study area geophysical log data on most of the test coreholes.
include Big Cypress National Preserveand Everglades ~ Don Weeks, hydrologist with the Big Cypress National

National Park (fig. 3). Two other important land own- Preserve, assisted with site selection and obtaining
ership areas are the Miccosukee Indian Reservation in permission to drill wells and conduct aquifer tests.
western Broward County, and the Big Cypress Semi- Christine Bates, Pat Kinney, and Ron Clark (also with
nole Indian Reservation in southeastern Hendry the Big Cypress National Preserve) were very helpful.
County and extreme northwestern Broward County. Jim Trindell of the Florida Geological Survey (FGS)

drilled 13 test coreholes and 3 monitoring wells and
installed monitoring wells in all of the test coreholes.
Jim proved to be reliable and knowledgeable in this
Several “classic” early studies contributed to theeffort. The FGS core drilling program was supervised
geology and hydrogeology of the surficial aquifer systy Tom Scott. Four production wells and 22 monitor-
tem in southern Florida, such as Parker and others ing wells were drilled by Tony Lubrano (SFWMD),
(1955), DuBar (1958), McCoy (1962), and Klein and who also provided valuable advice about equipment
others (1964). The base of the surficial aquifer systenprocurement and setup for aquifer tests. Peter Dauen-
in Big Cypress Preserve and Everglades National Parkauer and David Demonstranti (SFWMD) provided
was mapped by Jarosewich and Wagner (1985). Sindeorehole geophysical logs for several test holes.
the late 1980’s, the SFWMD has completed two recorAquifer-test and water-level data were provided by
naissance hydrogeologic studies (Knapp and others, Gail Murray (Murray Consultants, Inc., 1989) for the
1986; Smith and Adams, 1988) and has constructed Big Cypress Seminole and Miccosukee Indian Reser-
two ground-water flow models (Smith, 1990; Bennett, vations. Frank Rupert (FGS) provided assistance with
1992) of the surficial aquifer system and the upper parsome paleontologic identifications.
of the intermediate aquifer system in the extreme west- A number of people in the USGS office in
ern and northwestern parts of the study area (westerrMiami, Fla., contributed to this project. Steven Mem-
Collier County and Hendry County). Reports by berg and David Schmerge provided valuable assistance
Causaras (1985; 1987), Fish (1988), and Fish and  both in the office and the field. Bob Mooney also
Stewart (1991) combine to define a hydrogeologic  played an important role, providing logistical support,
framework of the surficial aquifer system in Broward site selection, land-owner negotiations, and permitting.
and Miami-Dade County, respectively. For Palm BeaclDuring the first half of the project, Scott Prinos assisted
County, Miller (1987) prepared lithostratigraphic sec- in the field and described cores. Other personnel who
tions that include the formations composing the surfi-assisted in the field were Richard Verdi, Rich Krulikas,
cial aquifer system; however, the extent of these Loretta Leist, Anne Vlad, and Tony Brown.
formations was not delineated. Weedman and others
(1997) and Edwards and others (1998) presented mu]-
tidisciplinary geologic studies of the surficial aquifer METHODS OF INVESTIGATION
system in western Collier County. Prior to the current Intensive field and laboratory work was per-
study, the subsurface hydrogeology of the surficial  formed during this study. This work principally
aquifer system in eastern Collier County remained virincluded well drilling, coring, and construction; bore-
tually unstudied; however in a concurrent study, Weedhole geophysical logging; core description and analysis
man and others (1999) describe the lithostratigraphy in the laboratory; aquifer testing; and data collection
and geophysics of the surficial aquifer system in eastfrom completed wells. The data collection from com-
ern Collier County and the most northeastern part of pleted wells included some additional borehole geo-
peninsular Monroe County. physical logging, water-level measurements, and
water-quality sampling and analysis.

Previous Studies

Acknowledgments

Contributions and technical assistance were Well Drilling, Coring, and Inventory of Wells

made by numerous individuals and governmental agen-  Test wells drilled at 35 sites during this study
cies. Especially important was a constructive, collaboffig. 1 and table 1) form the foundation of the physical
rative effort with Suzanne Weedman (USGS). Fred framework described herein. Three test wells are
Paillet (USGS) collected and interpreted borehole  located in northeastern Monroe County, 19 in eastern
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Table 1. List of wells drilled during the study

[Well C-995 was the only well drilled prior to this study. All test wells were continuously cored, except for wells C-1173 and HE-1110, which were drilled
by the dual-tube, reverse-air method. Borehole geophysical logging suite for test well: Basic represents induction resistivity, natural gammaray, spontane-
ous potential, and single-point resistance logs; complete representsall logs listed for basic aswell as neutron porosity, fluid resistivity, fluid temperature, and

heat-pulse flowmeter logs. USGS, U.S. Geological Survey]

Ve Boreho'le Additional wells at site
(USGS local wgll Site name geophy5|gal (USGS local well number
numbgr shown in logging suite not shown in fig. 1)

fig. 1) for test well

C-1115 Fakahatchee Ranger Station Complete C-995

c-1117 Fakahatchee Jones Grade Complete

C-1134 Dade-Collier Airport Complete C-1148, C-1149

C-1135 FAA Radar Complete C-1143, C-1144 to C-1147, C-1172
C-1136 Monroe Station Complete C-1150

C-1137 Doerr’s Lake Complete

C-1138 Raccoon Point Complete

C-1139 Noble’'s Road Complete C-1184, C-1185

C-1140 Bass Complete

C-1141 Bear Island Campground Complete C-1165, C-1166, C-1167

C-1142 Noble’s Farm Basic

C-1169 Big Cypress Sanctuary Complete C-1170, C-1171

C-1173 Sabine Road Basic C-1174

C-1176 Turner River Road Complete C-1177

C-1178 Sunniland Il Complete C-1179

C-1180 Big Cypress Headquarters Complete

C-1181 Cypress Lane Complete

C-1182 Alligator Alley East Basic

C-1183 Baker’s Grade Basic

G-2912 South New River Canal, B-5 Basic

G-3671 West Bird Drive Basin, B-1 Basic

G-3673 Levee 31, B-2B Basic

G-3674 Miami Canal, B-3 Basic

G-3675 Snake Creek Canal, B-4 Basic

HE-1110 L-3 Canal Basic HE-1111

HE-1112 Windmill Road Basic

HE-1113 Prison | Basic

HE-1114 Prison Il Basic

HE-1115 Mustang Grade Basic

HE-1116 L-2 Canal Basic HE-1117

MO-177 Golightly Complete MO-184

MO-178 Trail Center Complete MO-180 to MO-183, MO-185 to MO-188

MO-179 West Loop Road Complete

PB-1703 G-200 Pump Station Basic

PB-1704 Sod Farm Basic

Collier County, 6 in Hendry County, 2 in southwestern
Palm Beach County, 1 in Broward County, and 4 in
Miami-Dade County. A total of 33 test wellswere con-
tinuously cored, and 2 were drilled by the dual-tube
reverse-air rotary method. Most of the test wells were
drilled to a depth of about 200 ft below land surface.
Fourteen of the test wellswere drilled as part of this
study, 16 were drilled under the direction of separate
studies (Weedman and others, 1997; Edwards and oth-
ers, 1998; and Weedman and others, 1999), and 5 were
drilled aspart of aconcurrent study on the effectiveness
of local semiconfining units contained within the Bis-
cayne aquifer in Miami-Dade and Broward Counties

(K.J. Cunningham, U.S. Geological Survey, written
commun., 1998). In addition to the 35 test wells,

30 wellswere drilled (as part of this study) at the test
well sites as monitoring or production wells. These
wells are given in table 1, where they are listed under
additional wellsat asite. LargeareasintheBig Cypress
Swamp and the Everglades, such as between Alligator
Alley and Tamiami Trail in eastern Collier County,
could not be evaluated because of inaccessibility. An
exception was well C-1138 at the Raccoon Point site
located at the terminus of aroad that extends 11 mi
(miles) north of Tamiami Trail (fig. 1).
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Continuous core drilling was preferred to the
conventional rotary method in which cutting samples
areobtained. Theavailability of core samplesenhanced

changes in formation water quality, and correlating
stratigraphy from well to well.

A more complete suite of borehole geophysical

the opportunity to estimate porosity and permeability
of rock and sediment, determine probable environ-
ments of deposition, and obtain better control on the
depth to specific geologic and hydrogeol ogic units.
Coreholesweredrilled by usingaMobile B-61 drill rig
(USGS) and a Failing 1500 drill rig (FGS). Both drill
rigs utilized wireline coring methods. The two semi-
continuous test coreholes were drilled by the SFWMD
using the dual-tube, reverse-air method. Monitoring
wells aso were drilled by the dual-tube method. In the
dual-tube method, drilling mud is not used, and uncon-
taminated rock and formation water samples are col-

logs was run for 18 of the test coreholes (table 1). The
additional logs included neutron porosity, fluid resis-
tivity, fluid temperature, and heat-pulse flowmeter
logs. Tools were run in a 3-in. (inch) diameter continu-
ously slotted PVC screen, temporarily installed in the
test hole after coring. A flushing and development pro-
cess removed most drilling mud and caused unconsoli-
dated formation to collapse and fill the annulus around
the screen. However, based on flowmeter log results,
collapse of the formation around the screen in some
wells was not complete. For the wells in which a more

| ¢ " complete suite of logs was run, a discussion of proce-
ected every St asdrilling progresses. One advantage | roq used, description of logging tools used by type,

tothisdrilling techniqueisthat it providesaqualitative and plots of log traces collected for each well are pro-

measure of the formation produ'ctlv[ty as the well is vided in Weedman and others (1997; 1999).

being drilled because water flowing into the borehole

from productive intervals is forced up the inside of therable 2. List of historical wells used in the study with more

drill pipe by compressed air injected near the bottom dfan one well used at a site

the drill string. [Other historical test wells used for the study and shown on figure 1 are given
Data from 163 wells drilled prior to this study in appendix |. SFWMD, South Florida Water Management District sites]

also were used, with most of these wells used to assi Test well

in mapping hydrogeologic boundaries. The locations ¢ (USGS

ot e . local well
historical test wells are shown in figure 1, but additiona :f,ibvlf

Additional wells
at site
(USGS local well
number - not

Site name or other
well identifier

wells used in this study located at the same site asat shown shown in fig. 1)
well are not shown, rather they are listed in table 2. infig- 1)
Identification, location, and construction data for all C-965  C-2042 (SFWMD) C-966
wells used in this report are presented in appendix I. gig;‘?‘ ggggi (SFWmB) 218%5 1076
This information and other details are stored inthe  Z7.0 ¢, (Sunniland)l cues
USGS Ground-Water Site Inventory (GWSI) database. g.po95 5140 pumping Station, BOF-1  G-2907, G-2908
G-3294  Opa-Locka West Airport, G-3294C
. . DAT-003

Borehole Geophysical Logging G-3205 Levee 28, DAT-004 G-3295A, G-3295C

For most test wells drilled during this study, g'gggg Iﬁevteel\?l?f DQT'SOSAT o1 g'gégi’év G-3296C

: : S } - orty-Mile Bend, - -

borehole geophysical logs were run including induc G-3302  Tamiami West, DAT-011 G-3302A, G-3302C

tion resistivity, natural gamma ray, spontaneous poteii 3303

Tamiami Central, DAT-012 G-3303A, G-3303C

tial, and single-point resistance. Induction resistivity = c-3304 Tamiami East, DAT-013 G-3304C

was determined by using an electromagnetic inductionG-3305  Florida International University, G-3305C

tool that measures formation conductivity. In most DAT-014

cases, borehole geophysical tools were run in holes 63308 Shark Valley Tower, DAT-017  G-3308C

containing drilling mud and with polyvinyl chloride 63309 Levee b7 Extension, DAT-026  G-3309A, G-3309C
G-3310  ChekikaHammock State Park, G-3310A, G-3310C

(PVC) or steel surface casing set to a depth ranging
from 10 to 40 ft. In some instances tools were not run G-3311

DAT-018

Levee 31N, DAT-019 G-3311A, G-3311D

until after the well was completed with PVC casing;  G-3314A Homestead Airport, DAT-023 ~ G-3314C
under these conditions only induction resistivity and gig gj‘(' ?&Sﬁgﬁ; OAT-028 ggggﬁ gzggg
gamma-ray measurements are usefL_JI. Borehqlg 9€0 o4 Context Road West, DAt oo
physical measurements were useful in determining tr°ye 1016 Barron Collier, HY 314 HE-1042
depth interval to screen in a well, defining geologic ana HE-1022 Seminole Tribesite 1, HY 311 HE-1062, HE-1063
hydrogeologic boundaries, determining relative HE-1037 ALICOsiteC, HY 207 HE-1036
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For comparative purposes, the heat-pul se flow-
meter was run in boreholes under ambient, and either
injection or pumped conditions. Flowmeter data pairs
for each well were analyzed to determine the transmis-
sivity of water-producing zones as a fraction of the
transmissivity of the entire borehole. Flowmeter pro-
files showing the relative transmissivity of 10-ft zones
in eight test holes in the study area were then plotted
(Weedman and others, 1999).

Borehole geophysical tools also wererun in
monitoring and production wells at sites where multi-
well aquifer tests were conducted. The suite of bore-
hole logs collected in some of the monitoring and
production wells at these sites included gamma ray,
induction resistivity, and heat-pul se flowmeter; in addi-
tion to these logs types, fluid column resistivity and
temperature logs were collected in the production
wells.

Core Description and Core Sample Analysis

Core samples were macroscopically described in
the laboratory by using a 10-power hand lens to deter-
mine vertical patterns of microfacies, sedimentary struc-
tures, lithostratigraphic boundaries, and depositional
seguence boundaries, and to assess the regional-scale
rock unit variability. Therock colors of dry samples
were recorded by comparison to arock-color chart with
Munsdll color chips (Geologica Society of America,
1991). Hydraulic conductivity of cores were visualy
estimated using a classification scheme based on local
lithologies and physical properties of sediments devel-
oped by Fish (1988, table 8) and also used by Fish and
Stewart (1991). This scheme distinguishes five catego-
riesof hydraulic conductivity withinthe surficial aguifer
system in Broward and Miami-Dade Counties and
allows comparison of the hydraulic conductivities to
lithology, grain size, clay content, and solution features:

Hydraulic
Category conductivity range
(feet per day)

Very high Greater than 1,000
High 100 to 1,000
Moderate 10 to 100

Low 0.1to10

Very low to practicaly Lessthan 0.1

impermeable

Core sample descriptions are provided in appen-
dix Il for al but seven test wellslisted in table 1.
Descriptions for core samples from two of these
wells (C-1115 and C-1117) are given by Weedman and
others (1997); and descriptions for core samples from
the remaining five wells (G-2912, G-3671, G-3673,
G-3674, and G-3675) will be provided in alater USGS
publication. Additionally, as part of this study, cuttings
from samples collected from 10 historical test wells
were described (C-1133, C-1152, C-1154, C-1156,
C-1157, C-1158, C-1162, HE-1089, MO-138, and PB-
1696). These descriptions are not included in appendix
[1, but are available in USGSfiles.

Forty thin sections of core samples were exam-
ined by using standard transmitted-light petrography to
characterize and interpret rock and hydraulic properties
(appendix I11). Porosity, horizontal permeability to air,
and grain density of 32 limestone and sandstone core-
plug samples were quantified by analysis at Core Lab-
oratories, Inc. All continuous corescollected or usedin
this study are archived at the FGS in Tallahassee, Fla.

Aquifer Testing

Aquifer testswere performed at 6 sites; atotal of
10 tests were conducted, including 4 multiwell tests
and 6 single-well tests. The multiwell-test production
wellswere constructed with 6- or 8-in. PV C casing and
screen. The screen was the continuous-dlotted type
with aslot size of 20 or 40 and was gravel packed.
Monitoring wells constructed with 2-in. PV C casing
and sand-packed screen (continuous-slotted type, with
dot size of 20) were used for the single-well tests.

Average single-well test pumping rates ranged
from 17 to 98 gal/min (gallons per minute), depending
on the depth, length of screened interval, and the trans-
missivity of the aquifer. The duration of pumping was
about 1 to 3 hours, followed by arecovery period of 1
to 2 hours. The pumping rate was continuously moni-
tored using an in-line vortex flowmeter.

A 4- or 6-in. suction-lift pump with acheck valve
was used in the production wellsfor the multiwell tests.
Discharge was measured by using a 6-in. orifice pipe
located at the end of the discharge hose by continuously
recording pressure in the orifice pipe with a pressure
transducer. Asacheck, discharge rates were monitored
by using an in-line-impeller flowmeter. Average dis-
chargerates during these testsvaried from about 170to
300 gal/min. Although 24-hour pumping periods were
planned, the duration of pumping ranged from 5 to
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24 hours because of problems with keeping the pump
running. The number of monitoring wellsfor each test
ranged from two to seven, and the production well and
al of the monitoring wells were instrumented with
pressure transducers.

Background water levelsin monitoring wells
were measured for a period of severa daysto greater
than amonth prior to the multiwell aquifer tests. For a
selected day, the background water level for the same
period of day as the pumping period was subtracted
from the water-level data collected during the test. A
number of difficulties occurred during the multiwell
tests including lower-than-expected pumping rates,
limited drawdown in monitoring wells, arapid decline
in baseline water levels, and mechanical problems
associated with the pump.

Water-Level Data Collection

Water-level datawere collected to help definethe
hydraulic properties of the aquifer, provide background
data prior to aquifer tests, and construct a synoptic
water-level map. Down-hole pressure transducer/data
logger unitswere used to collect continuous water-level
measurements, with a data-collection interval of 5 or
10 minutes. For synoptic data collection, the same
transducer units were used, but at most wells either a
steel tape or an electric water-level tape was used. Steel
tape and electric water-level tape measurements were
found to agree with each other within 0.01 ft. Water
levels for most of the wellsin Hendry County were
measured by the SFWMD. To supplement data col-
lected by the USGS and SFWMD, some measurements
were selected from chart recordings made by the
Seminole Big Cypress Indian Reservation.

A synoptic map was prepared using water-level
datacollected in 69 wells located at 47 separate sites.
Water levels of both the water-table aquifer and the
underlying gray limestone aquifer were collected at
siteswith dual completions. Additionally, at somesites
concurrent canal surface-water levels were recorded.
Altitude datum at each site was determined by using
conventional leveling or differential global positioning
surveying (GPS), and all atitudes were referenced to
the North American Vertical Datum of 1988. The GPS-
determined datums were required at 21 sites due to
their remoteness and lack of nearby benchmarks. In the
more remote areas, GPS-determined datums required a
network consisting of benchmarks, temporary bench-
marks, and unknowns, whereby unknowns were deter-

mined from more than one baseline and the error was
distributed. First-order or second-order benchmarks
were used, and the accuracy of datum determination
using GPS was estimated to range from 0.1 to 0.16 ft.

Water-Quality Data Collection

Monitoring and production wellswere routinely
sampled shortly after they were completed, and
24 wells were sampled during an 8-day period in late
August to early September 1998. Field analysis proce-
duresfollowed are given by Wilde and Radtke (1998).
Specific conductance and chloride concentration were
measured during the routine sampling. If drilling mud
was used to drill awell, this mud and fine sediment
were cleaned out of the well by using along suction
hose connected to a suction-lift pump; the hose was
repeatedly lowered to the bottom of the well during
pumping. Specific conductance was measured in the
field and laboratory, and chloride concentration was
determined in the laboratory.

Major ion and low-level nutrient analyses were
performed on the water samples collected from the
24 wells sampled during the 8-day period. Color,
dissolved-solids concentration, field pH, specific con-
ductance, and total akalinity also were determined.
Low-level nutrient analyses included total sample
analysisof al phosphorousand nitrogen species. These
24 wellsincluded 18 wells completed in the gray lime-
stone aquifer and 6 wells completed in adeeper aquifer.
After purging wells with a suction-lift pump, samples
were collected by using aperistaltic pump that pumped
through silicon tubing placed down the well. All data
have been archived in the USGS water-quality data
storage and retrieval database (QWDATA).

GEOLOGIC FRAMEWORK OF
SOUTHERN FLORIDA

Limestones, sandstone, quartz and carbonate
sand, and clay compose most of the shallow rock and
sediment that are the focus of this study in southern
Florida. The emphasis of the stratigraphic study herein
is on the rock and sediment contained within the gray
limestone aquifer, and those above and below the gray
limestone aquifer that include confining or semiconfin-
ing units. Discussion of thestructureisbased mostly on
two maps that were constructed to show the altitude of
the top and base of the gray limestone aquifer.

Geologic Framework of Southern Florida 11



Stratigraphy

Lithostratigraphic units of primary interest in
this study are those contained within the gray lime-
stone aquifer and those affecting the upper and lower
boundary conditions of the aquifer (fig. 4). They
include the Peace River Formation of the upper
Hawthorn Group, an unnamed formation, the Tamiami
Formation (Ochopee Limestone and Pinecrest Sand
Members), and rock and sediment of Quaternary age.
Rock and sediment of Quaternary age include the Key
Largo Limestone, Anastasia Formation, Fort Thomp-
son Formation, Miami Limestone, Pamlico Sand, and
Lake Flirt Marl. These Quaternary units occur locally
in the study area (Parker and Cooke, 1944; DuBar,
1958; McCoy, 1962; Klein and others, 1964; and
Causaras, 1985; 1987); however, they were not
observed or differentiated in most new test coreholes
nor reported in archived well data available for
Hendry, Palm Beach, Collier and Monroe Counties.
Causaras (1985; 1987) shows the distribution or the
absence of these unitsin a series of sections that
extend across Broward and Miami-Dade Counties.

The lithology, limiting extent, and thickness of
lithostratigraphic units were determined by examina-
tion of core, well cutting samples, archived lithologic
descriptions, and borehole geophysical logs for
selected wells. The 35 test wells drilled during this
study were deemed to be most useful (fig. 1 and
table 1). Lithostratigraphic units mapped in Broward
and Miami-Dade Counties are based largely on litho-
logic description and sections presented by Causaras
(1985; 1987). Other geologic information was
obtained from files of the USGS. Lithologic core
descriptions prepared in this study are presented in
appendix 11, and thin-section rock-sample descriptions
are provided in appendix 1.

Peace River Formation

In southern Florida, the Hawthorn Group
includes the Arcadia Formation that is principally
composed of carbonate rocks and the Peace River
Formation that is principally composed of siliciclas-
tics. At thetype areain DeSoto County, Fla., the Peace
River Formation, which is sandwiched between the
Tamiami and Arcadia Formations, consists of inter-
bedded quartz sand, clay, and carbonate rocks with
siliciclastic sediment composi ng two-thirds or more of
the formation (Scott, 1988). The quartz sand contains

a highly variable concentration of phosphate grains
that rangesfrom atraceto 40 percent. The Peace River
Formation ranges in age from late Miocene to early
Pliocene (Missimer, 1997).

Thisstudy limited its scopewithinthe Hawthorn
Group to evaluating the lithologic and stratigraphic
character of the upper part of the Peace River Forma-
tion. In ascending order, three lithof acies were identi-
fied in the upper part of the Peace River Formation:
(1) diatomaceous mudstone, (2) terrigenous mudstone,
and (3) clay-rich quartz sand. These lithofacies are
characterized intable 3, and examplesare showninthe
thin sectionsin figure 5. The diatomaceous mudstone
faciesis underlain by quartz sand of the Peace River
Formation, and in most of the study area, the clay-rich
quartz sand facies of the Peace River Formation is
overlain by less clay-rich quartz sand and sandstone of
the unnamed formation and locally by the Ochopee
Limestone. Continuous core samples show that, where
present, the diatomaceous mudstone facies ranges
from 0.1 to 18 ft in thickness; the terrigenous mud-
stonefaciesrangesfrom 2 to 28 ft in thickness; and the
clay-rich quartz sand facies rangesfrom 0.5to 75 ft in
thickness. The Peace River Formation is distinguished
from the unnamed formation by typically finer grain
size and more silt and clay. Weedman and others
(1999) used similar criteria. In the far western part of
the study area, rock and sediment of the Peace River
Formation grade laterally into sand of the unnamed
formation.

Study of foraminiferafrom test wells C-1169,
C-1182, and PB-1703 (fig. 1) by L.A. Guertin (Mary
Washington College, oral commun., 1999) suggests
that the Peace River Formation was deposited in a
marine shelf depositional environment. Scott (1988)
suggested open-marine conditions during deposition
of the Peace River Formation in southeastern Florida.
The present-day slope of the siliciclastic shelf profile
within the study areaislessthan 1.0 degreein a pal eo-
basinward direction, which was to the east or south-
east. The upward transition from mudstones to quartz
sand records an upward coarsening of grain size, an
upward decrease in pelagic sedimentation, and an
upward increasein siliciclastic sediment supply. These
relationships represent a seaward shift in the vertical
stacking of lithofacies related to adecrease in relative
sealevel.
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Figure 4. Lithostratigraphic units recognized in the study area, their generalized geology, and relationship with hydrogeologic units.
Modified from Olsson (1964), Hunter (1968), Miller (1990), Missimer (1992), and Weedman and others (1999).



Table 3. Lithofacies characteristics of the Peace River Formation

[Visual estimation was made for porosity; hydraulic conductivity was visually estimated by using a classification scheme from Fish (1988, table 8). Colors

in the lithologic description refer to Munsell rock-color chart (Geological Society of America, 1991)]

Characteristic

Lithologic description

Clay-Rich Quartz Sand Facies

Depositional textures
Color
Carbonate grains

Accessory grains

Grain size

Porosity

Hydraulic conductivity

Terrigenous clay-rich sand
Mainly yellowish-gray 5Y 7/2 and 5Y 8/1, and light-gray-olive 5Y 6/1
Local thin-shelled pelecypods, oysters, Turritella and benthic foraminifers

Common phosphate grains (trace to 40 percent); minor heavy minerals; trace
mica

Mainly very fine quartz grains; minor silt-size quartz grains and terrigenous
mud; local micrite, fine sand-size to small pebble-size quartz grains and very
fine sand-size to pebble-size phosphate grains

Mainly intergrain; local moldic; ranges from 5 to 20 percent

Mainly very low (lessthan 0.1 foot per day) to low (0.1 to 10 feet per day);
ranges from very low (less than 0.1 foot per day) to moderate (10 to 100 feet

per day)

Terrigenous Mudstone Facies

Depositional textures
Color
Carbonate grains

Accessory grains

Grain size

Porosity
Hydraulic conductivity

Terrigenous mudstone

Mainly light-olive-gray 5Y 5/2, yellowish-gray 5Y 7/2, and olive-gray
5Y 4/1, 5Y 3/2

Local benthic foraminifers and pelecypod fragments

Common quartz grains; local diatoms, phosphate grains, mica, fish scales,
shark’s teeth

Mainly terrigenous clay; minor silt-size quartz; local very fine sand- to gran-
ule-size quartz grains and very fine sand- to pebble-size phosphate grains

Minor microporosity
Very low (less than 0.1 foot per day)

Diatomaceous Mudstone Facies

Depositional textures
Color

Carbonate grains
Accessory grains

Grain size

Porosity

Hydraulic conductivity

Diatomaceous mudstone
Mainly yellowish-gray 5Y 7/2 and light-olive-gray 5Y 5/2
Local benthic foraminifers

Common quartz grains and local phosphate grains

Mainly clay-size terrigenous clay and fine sand-size diatoms; minor silt-size
quartz; local very fine sand-size quartz and phosphate grains, and fish scales

Minor microporosity
Very low (less than 0.1 foot per day)
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Figure 5. Thin-section photomicrographs showing lithofacies identified for the Peace River Formation. Samples collected from well
C-1182. Photographs represent (A) sample HXP-22, terrigenous clay-rich quartz sand. Sample preparation has greatly increased
original intergrain porosity; (B) sample HXP-23, benthic foram terrigenous mudstone; (C) sample HXP-24, diatomaceous terrigenous
mudstone; and (d) enlarged view of sample shown in photo C (arrow points to a diatom). Plane-polarized light; blue epoxy highlights
porosity. Appendix Il presents complete description of rock samples.



Unnamed Formation invariably underlain by the quartz sand facies. The
unnamed formation was probably deposited in a marine
siliciclastic-shelf depositional environment. Indicators
of depositional environments include: (1) local pres-

sand and sandstone occur beneath the mixed carbonate ~ €1'C€ of marine fossils, (2) absent or minor clay content
and siliciclastic rock of the Tamiami Formation and suggesting deposition above fair-weather wave base,

above the clay-rich quartz sand of the Peace River For- and (3) probably partial equivalency to Peace River

Theboundary separating the base of the Tamiami
Formation and the top of the Peace River Formation is
poorly defined in much of southern Florida. Quartz

mation. This sand and sandstone has not as yet been beds containing foraminifera that indicate a marine
assigned to a formally defined formation. Weedman shelf depositional environment (L.A. Guertin, Mary
and others (1997), Edwards and others (1998), and Washington College, oral commun., 1999). The

Weedman and others (1999) included these

unnamed sediments as part of aninformal =~ sy v i g
“unnamed formation,” anticipating clarifica s~ ¥g
tion of its status following further study. Thi
unnamed formation was defined by Weed
man and others (1999, p. 15) as "variably : .
phosphatic and fossiliferous combinations N qgg’
quartz gravel, sand, and silt, clay, and car :%%*'&“1‘: ﬂa“g"
bonate rocks and sediment.” For the presif
study (this report), the unnamed formation = £
defined as relatively clay-free, quartz sanc i
and sandstone underlying the lowest part =¥
the Ochopee Limestone. At the base of th
unnamed formation, relatively clean quart
sand overlies clay-rich siliciclastics of the
Peace River Formation. Thus, definition OELA
the unnamed formation includes the silici-
clastic interval previously included in the -,
lower part of the Tamiami Formation ;
(Causaras, 1985; 1987) and the Miocene [ ~#
coarse clastics (Knapp and others, 1986; [ "

ok

study area. The unnamed formation was r
recognized by Missimer (1997), and the urj ™
defined as the unnamed formation herein ¥ L3R a8
included in the Peace River Formation by &% f“
Missimer. Py }{}? = 1,
Two lithofacies can be differentiated ‘ﬂ" fdﬂl‘ o K
within the unnamed formation, occurring g Sl =L s s :
guartz sand and pelecypod-rich quartz sand

or sandstone. These lithofacies are charactdrigure 6. Thin-section photomicrographs showing lithofacies identified
for the unnamed formation. Photographs represent (A) sample HHW-2

'Z?d In t‘?ble ‘_"' a_'nd examples are Shown_m from well C-1141, pelecypod-rich quartz sand or sandstone showing
thin sections in figure 6. The pelecypod-richmoldic and integrain porosity; and (B) sample HXP-21 from well C-

facies locally contains abundanirritella 1182, %l_larr]tl_z E?nd Shovgin% integr?intporosity- Plai_?-polabrizad light; bluc:I

poxy highlights porosity. Original integrain porosity probably increase
gastropod molds and occu'rs locally b_eneat uring sample preparation. Appendix 1l presents complete description
the base of the Ochopee Limestone; itis  of rock samples.
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Table 4. Lithofacies characteristics of the unnamed formation

[Visual estimation was made for porosity; hydraulic conductivity was visually estimated by using a classification scheme from Fish (1988, table 8). Colors
in the lithologic description refer to Munsell rock-color chart (Geological Society of America, 1991)]

Characteristic

Lithologic description

Pelecypod-Rich Quartz Sand or Sandstone Facies

Depositional textures

Color

Carbonate grains

Accessory grains

Grain size

Porosity

Hydraulic conductivity

Quartz sand matrix with pelecypod rudstone framework, or quartz sand sup-
porting skeletal floatstone

Mainly yellowish-gray 5Y 8/1 and 5Y 7/2; locally light-gray N7 to white N9,
light-olive-gray 5Y 5/2, light-olive-gray 5Y 6/1, and very pale orange 10YR
8/2

Pelecypods (including Pecten and oysters), undifferentiated skeletal grains,
gastropods (including Turritella), bryozoans, serpulids, and echinoids

Trace to 40 percent phosphate and heavy mineral grains; local minor terrige-
nous clay and lime mudstone; local trace mica

Mainly very fineto fine quartz sand; ranges from silt to very coarse quartz
sand; carbonate grains range from silt to cobble size; local terrigenous clay

Intergrain and moldic; ranges from 5 to 25 percent; local abundant pelecypod
molds contribute to high porosity

Mainly low (0.1 to 10 feet per day) to moderate (10 to 100 feet per day);
ranges from very low (lessthan 0.1 foot per day) to high (100 to 1,000 feet per
day); local abundant pelecypod molds contribute to high hydraulic conductiv-

ity

Quartz Sand Facies

Depositional textures

Color

Carbonate grains

Accessory grains

Grain size

Porosity

Hydraulic conductivity

Quartz sand with less than 10 percent skeletal grain

Mainly yellowish-gray 5Y 8/1 and yellowish-gray 5Y 7/2; locally medium-
dark-gray N4 to very light gray N8, light-olive-gray 5Y 5/2, grayish-yellow-
green 5GY 7/2, pale-olive 10Y 6/2, very pale orange 10YR 8/2, and pale-yel-
lowish-brown 10Y R 6/2

Pelecypods (local Pecten and Chione), benthic foraminifers, echinoids, and
undifferentiated skeletal grains

Trace to 30 percent phosphate and heavy mineral grains; local minor terrige-
nous clay; local trace mica; trace to 1 percent plagioclase; trace microcline

Mainly very fine to medium quartz sand; ranges from silt to granule size; car-
bonate grains range from silt to pebble size; terrigenous clay

Intergrain; ranges from 5 to 20 percent

Mainly low (0.1 to 10 feet per day) to moderate (10 to 100 feet per day);
ranges from very low (less than 0.1 foot per day) to moderate (10 to 100 feet

per day)

Geologic Framework of Southern Florida
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upward transition of the two lithof acies represents an
upward decrease in supply of quartz sand relative to
local supply of carbonate grains. The eastward grada-
tion from relatively clean quartz sand of the unnamed
formation to clay-rich sandsand mudstone of the Peace
River Formation in the far western part of the study
areaindicates an eastward deepening of the marine
siliciclastic shelf.

The unnamed formation occurs throughout most
of the study area, bounded at its top by the Ochopee
Limestone and at its base by the Peace River Formation
or the Arcadia Formation. The contact between the
unnamed formation and the Ochopee Limestone, as
indicated by core samples and borehol e geophysical
logs, appears to be sharp in some areas; in other areas,
it is gradational with some interfingering of limestone
and quartz sand or sandstone over a short interval. In
southwestern Florida, Missimer (1999) recognized an
unconformity representing a 0.2 million year hiatus
between the top of the Peace River Formation and
overlying Tamiami Formation. Thisunconformity may
be equivalent to the contact between the unnamed for-
mation and Ochopee Limestone. On the basis of con-
tinuous core data collected during this study, the
unnamed formation is locally absent, but increasesto
as much as 306 ft in thickness at well C-1163 in north-
western Collier County (fig. 1), where the unnamed
formation lies directly on the Arcadia Formation.

Tamiami Formation

The"Tamiami limestone” was named informally
by Mansfield (1939) to describe sandy limestone that
crops out along the northern side of Tamiami Trail in
Collier County. He reported the Tamiami as a"light-
gray to white, hard, sandy limestone containing abun-
dant identifiable mollusk molds and well preserved
pectens, oysters, barnacles, and echinoids.” The Tami-
ami Formation was redefined by Parker (1951, p. 823)
toinclude all upper Miocene deposits in southern Flor-
ida. Description and definition of the Tamiami Forma-
tion have varied over the past 50 years (Parker and
others, 1955; McCoy, 1962; Klein and others, 1964;
Hunter, 1968; Missimer, 1978; Peck and others, 1979;
Hunter and Wise, 1980; and Missimer, 1992), and the
precise upper and lower boundaries remain problem-
atic (Missimer, 1992).

Hunter (1968) formally proposed three mem-
bers, all equivalent in age, to the upper Tamiami For-
mation: (1) Ochopee Limestone Member, (2) Pinecrest
Sand Member, and (3) Buckingham Limestone Mem-

ber. Hunter further divided the lower Tamiami Forma-
tion into two members: Murdock Station Member and
Bayshore Clay Member. Hunter and Wise (1980)
proposed that the Tamiami Formation be restricted to
include the Ochopee and Buckingham Limestones and
equivalent facies, such as the Pinecrest Sand. They
further suggested that subjacent units be included as
part of the Peace River Formation, which isin agree-
ment with additional definition of the Peace River
Formation by Scott (1988). For the present study, only
the Ochopee Limestone and Pinecrest Sand Members
could be identified, and in most of the study area the
unnamed formation has been mapped underlying the
Ochopee Limestone. Further refinement of core data
collected during this study could show that other mem-
bers of the Tamiami Formation are present.

Missimer (1992) estimated the age of the Tami-
ami Formation to be Pliocene (4.2 to 2.8 million years
ago), using paleontologic data and interpretation of an
established global sea-level curve. Edwards and others
(1998) assigned the Ochopee Limestone of western
Collier County to an early Pliocene age, but possibly
ranging from late Mioceneto late Pliocene. Age desig-
nations of Edwards and others (1998) were based on
strontium-isotope chemostratigraphy and biostratigra-
phy (dinocysts and molluscan assemblages). Weedman
and others (1999) suggested an early Pliocene age for
the Tamiami Formation in eastern Collier and northern
Monroe Counties; however, some age dating provided
in that study are consistent with late Pliocene age.

Ochopee Limestone Member

The Ochopee Limestone includes aregionally
extensive limestone facies of the Tamiami Formation
that can be mapped beneath most of Collier County and
parts of Lee, Hendry, Miami-Dade, Monroe, and
Broward Counties (Hunter, 1968). Missimer (1992)
characterized the Ochopee Limestone Member as con-
taining very fine to fine sand-size quartz grains (5 to
80 percent), commonly with an increase in the quartz
sand to limestone ratio with depth. In western Broward
and western Miami-Dade Counties, Causaras (1985;
1987) recognized a gray limestone unit within the
lower part of the Tamiami Formation, within which
Fish (1988) and Fish and Stewart (1991) later defined
the gray limestone aquifer.

The Ochopee Limestone was delineated by Weed-
man and others (1997), Edwards and others (1998), and
Weedman and others (1999) for the Collier County part
of the study area. Well-to-well correlation shown herein
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indicates that the Ochopee Limestone is equivaent to
limestone of the lower Tamiami Formation in western
Collier County (Knapp and others, 1986), Hendry
County (Smith and Adams, 1988), and Broward and
Miami-Dade Counties (Causaras 1985; 1987). The
Ochopee Limestone may be equivaent, in part, to the
Long Key and Stock Island Formationsthat occur inthe
Florida Keys (Cunningham and others, 1998).

Two lithofacies characterize the Ochopee Lime-
stone Member: (1) pelecypod lime rudstone or float-
stone, and (2) pel ecypod-rich quartz sand or sandstone.
The lithofacies are characterized in table 5, and exam-
ples of thin sections are shown in figure 7. The pelecy-
pod lime rudstone or floatstone facies is the most
common lithofacies, whereas the pelecypod-rich
quartz sand or sandstone facies occurs only locally as
thin to thick beds (fig. 1, wells C-1141, C-1178, HE-
1110, and PB-1703). Skeletal carbonate grains of the
pelecypod lime rudstone or floatstone lithofacies
include pel ecypods (local oysters, Pecten, Chione, and
Ostrea), undifferentiated skeletal fragments, bryozo-
ans, gastropods (local Turritella and Vermicularia),
benthic foraminifera, echinoids, serpulids, barnacles,
planktic foraminifera, ostracods, encrusting foramin-
ifera, and ahermatypic corals. In the pelecypod-rich
quartz sand or sandstone lithofacies, quartz sand istyp-
ically very fine to fine grained, but locally may range
from silt to very coarse sand.

The Ochopee Limestone was deposited in a car-
bonate ramp depositional system (Burchette and
Wright, 1992; Cunningham and Reese, 1998). Criteria
to support this interpretation include: (1) alow deposi-
tional gradient of less than 1 degree, (2) widespread
continuity of facies patterns, and (3) an ailmost com-
plete absence of internal exposure surfaces. In the
study area, most mixed-siliciclastic-carbonate rocks of
the Ochopee Limestone were deposited in a mid-ramp
depositional environment as defined by Burchette and
Wright (1992), and the direction of dip of the ramp was
generally to the east or southeast. Evidence for this
depositional environment is indicated by the common
occurrence of coarse-grained lime rudstone that has a
well washed, grain-dominated matrix (Lucia, 1995)
and lime mud-rich floatstone. The mixture of these
grain-dominated and mud-dominated carbonates and
lack of shallow-water indicators suggest deposition
below fair-weather wave base (FWWB) but above
storm wave base (SWB). This zone between FWWB
and SWB defines the mid-ramp depositional environ-
ment (Burchette and Wright, 1992). The occurrence of

regional-scale facies patterns in the Ochopee Lime-
stone ramp suggest predictable hydraulic properties.

The benthic-carbonate grains of the Ochopee
Limestone represent a heterozoan particle association,
which James (1997) defined as a group of carbonate
particles produced by light-independent benthic organ-
ismsthat may or may not contain red cal careous algae.
Red algaewere not observed in the Ochopee Limestone
within the study area. Their absence combined with a
predominately heterozoan particle association and lack
of shallow-marine particles, such asooids, isconsistent
with relatively deep, noneuphotic, temperate bottom-
water conditions. An almost compl ete absence of expo-
sure surfaces within the Ochopee suggests deposition
at water depths sufficient to minimize changesin
water-bottom conditions during low-amplitude
changesin relative sea level.

At one test well in west-central Collier County
(fig. 1, well C-1178), the Ochopee Limestone is
bounded at its top by a subaerial exposure “zone” that
extends to a depth of 30 ft below the upper bounding
surface of the Ochopee. Root molds lined with calcrete
are common within this thick zone. The exposure zone
contains a record of at least two emersions due to rela-
tive falls in sea level, possibly caused by very local tec-
tonic flexure of the Ochopee seafloor.

The age dating by Weedman and others (1999)
and the vertical facies analysis described above suggest
that the Ochopee Limestone may have been deposited
during transgressive to high-stand conditions (as
defined by Haq and others, 1988) of the early Pliocene.
During this time, the Florida Platform was flooded,
siliciclastic supply had diminished, and water depth
and climate created bottom conditions favorable to
light-independent animals.

The Ochopee Limestone is comparatively uni-
form in thickness in southern Florida, generally rang-
ing between 30 and 100 ft. The unit is thickest in a
widespread area that extends across southwestern Palm
Beach, northwestern Broward, and southern Hendry
Counties where it attains 130 ft in thickness. South of
the Tamiami Trail in Miami-Dade County, the Ochopee
Limestone pinches out to the southeast where it merges
with siliciclastics of the overlying Pinecrest Sand and
underlying unnamed formation. The southeastern limit
of the “Ochopee” ramp is about coincident with the
southern boundary of the study area. The eastern limit
is approximately coincident with the eastern boundary
of the gray limestone aquifer that underlies eastern
Miami-Dade and Broward Counties.
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Table 5. Lithofacies characteristics of the Ochopee Limestone Member of the Tamiami Formation

[Visual estimation was made for porosity; hydraulic conductivity was visually estimated by using a classification scheme from Fish (1988, table 8). Colorsin

the lithologic description refer to Munsell rock-color chart (Geological Society of America, 1991)]

Characteristic

Lithologic description

Pelecypod Lime Rudstone or Floatstone Facies

Depositional textures

Color

Carbonate grains

Accessory grains

Grain size

Porosity

Hydraulic conductivity

Pelecypod lime rudstone or floatstone with quartz sand-rich lime packstone or
grainstone matrix

Mainly medium-light-gray N6 to very light gray N8 and yellowish-gray
5Y 8/1; locally yellowish-gray 5Y 7/2, black to medium-gray N5, white N9,
and very pale orange 10YR 8/2

Pelecypods (local oysters, Pecten, Chione, and Ostrea), undifferentiated skel-
etal fragments, bryozoans, gastropods (local Turritella and Vermicularia),
benthic foraminifers, echinoids, serpulids, barnacles, planktic foraminifers,
ostracods, encrusting foraminifers, corals (ahermatypic)

Common quartz sand and phosphate grains

Carbonate grains range from silt to cobble size; quartz sand mainly very fine
to fine, ranges from silt to very coarse

Mainly intergrain and moldic; local intrafossil and boring; rangesfrom 5 to 25
percent

Mainly moderate (10 to 100 feet per day); ranges from low (0.1 to 10 feet per
day) to high (100 to 1,000 feet per day)

Pelecypod-Rich Quartz Sand or Sandstone Facies

Depositional textures

Color

Carbonate grains

Accessory grains

Grain size

Porosity

Hydraulic conductivity

Pelecypod-rich quartz sand and quartz-rich sandstone

Mainly yellowish-gray 5Y 8/1 and light-gray N7 to very light gray N6; locally
medium-dark-gray N4 to medium-light-gray N6, very pale orange 10YR 8/2,
light-olive-gray 5Y 6/1, yellowish-gray 5Y 7/2, and pale-yellowish-brown
10YR 6/2

Pelecypods (local oysters), undifferentiated skeletal fragments, gastropods,
echinoids, barnacles, serpulids, intraclasts, bryozoans, and encrusting fora-
minifers

Absent to 5 percent phosphate and heavy mineral grains; local minor terrige-
nous clay or lime mudstone matrix

Mainly very fineto fine quartz sand; ranges from silt to coarse quartz sand;
carbonate grains range from silt to cobble size

Mainly intergrain with local moldic and intragrain; ranges from 10 to 20 per-
cent

Mainly low (0.1 to 10 feet per day) to moderate (10 to 100 feet per day);
ranges from low (0.1 to 10 feet per day) to moderate (10 to 100 feet per day)
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Figure 7. Core photographs and thin-section photomicrographs of the pelecypod lime rudstone facies of the Ochopee Limestone Member of the Tamiami
Formation. Photographs represent (A) sample from well C-1142 from a depth of 73.5 feet below land surface, core slab with moldic porosity in a pelecypod
lime rudstone; (B) sample from well HE-1113 from a depth of 49 feet below land surface, whole core with moldic porosity of a Turritella rudstone; (C) sample
HHW-20 from well C-1181, pelecypod-rich quartz sandstone with lime mud matrix; and (D) sample HHW-4 from well C-1142, pelecypod quartz sand-rich
lime packstone. Plane-polarized light; blue epoxy highlights porosity. Appendix Ill presents complete thin-section descriptions of photos C and D.



Pinecrest Sand Member

The name Pinecrest Sand Member is derived
from the "Pinecrest beds" informally described by
Olsson (1964) for afaunal assemblage found along
Tamiami Trail near the boundary between Collier and
Miami-Dade Counties. Missimer (1992) defined the
Pinecrest Sand asasand and shell unit. In southwestern
Florida, he recognized it as occurring discontinuously
and only in small areas, commonly less than 1 mi?
(square mile) in size. Weedman and others (1999) rec-
ognized the Pinecrest Member overlying the Ochopee
Limestone in northeasternmost Monroe County.

Threelithofacies have been differentiated within
the Pinecrest Sand Member: (1) a quartz sand facies,
(2) apelecypod lime rudstone and floatstone facies,
and (3) aterrigenous mudstone facies. These lithofa-
cies are characterized in table 6, and examples of thin
sections are shown in figure 8. The quartz sand facies
is characteristic of most of the Pinecrest Sand. The
terrigenous mudstone facies occurs mainly in the
north-central part of the study areawhere it typically
occurs as one or two beds within the lower part of the
Pinecrest Sand. The pelecypod lime rudstone is found
only very locally asdiscrete bedswithin or near the top
of the Pinecrest Sand. Foraminiferal analyses by L.A.
Guertin (Mary Washington College, oral commun.,
1999) of test well PB-1703 (fig. 1) in Palm Beach
County indicate deposition of the Pinecrest Sand
Member in a marine siliclastic shelf.

The Pinecrest Sand ranges from 20 to 60 ft in
thickness in most of the study area. The Pinecrest is
thickest (125 ft) in central and south-central Miami-
Dade County. Other areas where the Pinecrest Sand is
thick were mapped in southern Hendry, northeastern
Collier, west-central Broward, and south-central Palm
Beach Counties. The Pinecrest Sand pinches out in the
western part of the study area: Monroe, Collier and
Hendry Counties. In southern Miami-Dade County, the
Pinecrest Sand merges with siliciclastics of the Long
Key Formation (Cunningham and others, 1998) in the
FloridaKeys.

Post-Pliocene Formations

The Fort Thompson Formation (as defined by
Causaras, 1987) was penetrated in test wells C-1135
and MO-178 in southeastern Collier County and north-
eastern Monroe County (fig. 1). Limestone unitsin
these wells were identified as Fort Thompson Forma-
tion based on: (1) presence of calcrete (Perkins, 1977),
(2) marine pelecypod limestone lithology (Causaras,
1987), and (3) occurrence of Miami Limestone above
the Fort Thompson Formation in well MO-178. These

units are composed of pelecypod limefloatstonewith a
guartz sandstone matrix or askeletal, quartz sand-rich,
lime packstone matrix. The rock contains 10 to

70 percent quartz grains. Porosity ranges from 15 to
20 percent; however, estimated hydraulic conductivity
islow. In well MO-178, the top of the Fort Thompson
Formation is bounded by a 0.75-ft thick quartz-sand-
rich calcrete and the formation is 5.75 ft thick. Thetop
of this calcrete layer could be equivalent to the upper
surface of the Q3 unit of Perkins (1977).

Beds possibly equivaent to the Fort Thompson
Formation were penetrated in test well PB-1704 in
southeastern Palm Beach County (fig. 1) from a depth
of 5.510 49.5 ft below land surface. These beds com-
bineto form at least seven high-frequency, vertically
stacked, marine-to-lacustrine, sedimentary cycles that
range from 2 to 14 ft in thickness. The base of each
cycleiscomposed of marineinner shelf, restricted bay
or lagoon, or marinetidal flat deposits. Each cycleis
capped with subaerially exposed lacustrine lime mud-
stone or marl, which typically contains root molds and
desiccation cracks, and rarely calcrete. Low-spired
Helisoma gastropods are common in the lacustrine
deposits, which are characteristic of the Fort Thompson
Formation (Perkins, 1977; Causaras, 1987).

The Miami Limestone, as defined by Hoffmels-
ter and others (1967), was penetrated in well MO-178
(fig. 1). Here, the 0.75-ft thick Miami Limestoneis
exposed at land surface. The Miami Limestoneisa
pelecypod lime floatstone with a pelmoldic grainstone
and packstone matrix. Pelecypodsand mol ds of peloids
are abundant; gastropods and the cheilostome bryozoan
Schizoporella are uncommon. This unit is considered
to be part of the bryozoan facies described by
Hoffmeister and others (1967), and thisoccurrencelies
within the western mapped limit of the Miami Lime-
stone in northernmost Monroe County.

The Lake Flirt Marl, as defined by Sellards
(1919), was penetrated only in well C-1141 in east-cen-
tral Collier County and well PB-1704 in southwestern
Palm Beach County (fig. 1). The thickness of the unit
in the two wellsranges from 2 to 3 ft. The Lake Flirt
Marl is composed of silty marl or quartz sand with a
marl matrix. DuBar (1958) and Klein and others (1964)
described similar depositsin southwestern Florida that
they assign to the Lake Flirt Marl. Porosity is predom-
inately intergranular microporosity with local root-
mold and desiccation-crack porosity. Visual estimates
indicate very low hydraulic conductivity. Thelocalized
areal distribution of the unit and the occurrence of root
molds and desiccation cracks are consistent with accu-
mulation within freshwater lakes.
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Table 6. Lithofacies characteristics of the Pinecrest Sand Member of the Tamiami Formation

[Visual estimation was made for porosity; hydraulic conductivity was visually estimated by using a classification scheme from Fish (1988, table 8). Colors
in the lithologic description refer to Munsell rock-color chart (Geological Society of America, 1991)]

Characteristic

Lithologic description

Quartz Sand Facies

Depositional textures

Color

Carbonate grains
Accessory grains

Grain size
Porosity

Hydraulic conductivity

Quartz sand with locally abundant fossils

Mainly yellowish-gray 5Y 8/1 and yellowish-gray 5Y 7/2; locally medium-
gray N5 to very light gray N8, very pale orange 10Y R 8/2, light-olive-gray
5Y 6/1, light-olive-gray 5Y 5/2, grayish-yellow 5Y 8/4, grayish-orange
10YR 7/4, and dark-yellowish-orange 10 YR 6/6

Pelecypods (local oysters), undifferentiated skeletal fragments, echinoids, ser-
pulids, bryozoans, and benthic and planktic foraminifers

Trace to 3 percent phosphate and heavy mineral grains; local trace mica; local
minor terrigenous clay

Mainly very fine to fine quartz sand; ranges from silt to very coarse quartz
sand; carbonate grains range from silt to pebble size

Mainly intergrain and local intragrain, ranges from 5 to 25 percent

Mainly low (0.1 to 10 feet per day); ranges from very low (less than 0.1 foot
per day) to moderate (10 to 100 feet per day)

Pelecypod Lime Rudstone and Floatstone Facies

Depositional textures
Color

Carbonate grains
Accessory grains

Grain size
Porosity

Hydraulic conductivity

Pelecypod lime rudstone or floatstone with quartz sand-rich lime packstone
and grainstone matrix

yellowish-gray 5Y 8/1, medium-gray N5 to light-gray N7, very pale orange
10YR 8/2, pale-yellowish-brown 10YR 6/2

Pelecypods, undifferentiated skeletal fragments, gastropods, oysters, ser-
pulids, bryozoans, cerithiids, and echinoids

Trace to 3 percent phosphate and heavy mineral grains

Carbonate grains up to pebble size; quartz sand mainly very fineto fine and
ranges from silt to coarse size

Mainly intergrain and moldic; local intragrain and shelter; rangesfrom 5 to 15
percent

Mainly low (0.1 to 10 feet per day); ranges from very low (less than 0.1 foot
per day) to moderate (10 to 100 feet per day)

Terrigenous Mudstone Facies

Depositional textures

Color

Carbonate grains

Accessory grains

Grain size

Porosity
Hydraulic conductivity

Silty terrigenous mudstone to quartz sand-rich terrigenous mudstone; locally
grades into terrigenous clay-rich lime mudstone

Light-olive-gray 5Y 5/2, light-olive-gray 5Y 6/1 and yellowish-gray 5Y 8/1;
locally pale-olive 10Y 6/2, light-olive-gray 5Y 6/1, dusky-yellow-green

5GY 5/2, and yellowish-gray 5Y 7/2

Pelecypods (local oysters), benthic and planktic foraminifers, undifferentiated
skeletal fragments, and fish scales

Locally common quartz grains; trace to 1 percent phosphate grains; traceto 3
percent heavy mineral grains; local trace mica; trace plagioclase and micro-
cline

Mainly terrigenous clay; quartz grains range from silt to fine sand size; local
medium to coarse quartz sand

Intergrain; less than or equal to 5 percent

Very low (less than 0.1 foot per day)
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Figure 8. Thin-section photomicrographs showing lithofacies identified for the pinecrest Sand Member of the Tamiami Formation.
Photographs represent (A) sample HXP-1 from well C-1183, fine quartz sand; (B) sample HXP-18 from well C-1182, very fine to fine quartz
sand; (C) sample HXP-19 from well C-1182, terrigenous mudstone; and (D) sample HXP-2 from well C-1183, lime mudstone. Non-effective
moldic porosity is shown. Original intergrain porosity slightly increased during sample preparation for A, B, and C. Plain-polarized light; blue
epoxy highlights porosity. Appendix Il presents complete description of rock samples.



Structure

Four hydrogeol ogic sections show lithostrati-
graphic units and structure in the study area. Their
traces are shown in figure 9. Hydrogeol ogic sections
A-A'" and A’-A"" extend northwest to southeast from
southern Hendry County to southern Miami-Dade
County (figs. 10 and 11). Hydrogeol ogic sections B-B'
and C-C' extend west to east along Alligator Alley and
Tamiami Tralil, respectively (figs. 12 and 13).

The configuration of the top and base of the gray
limestone aquifer (figs. 14 and 15) approximately con-
forms to the upper and lower boundaries of the
Ochopee Limestone (figs. 10-13), respectively.
Accordingly, the top and base of the aquifer are used
herein to discussthe structural setting of the study area.
The criteriaused for determining the boundaries of the
aquifer are presented later in the report. The depths
below land surface of these boundaries in selected
wellsaregivenintable 7.

In the northern part of the study areain Hendry,
Palm Beach, Collier and Broward Counties, compari-
son of the base of the gray limestone aquifer (fig. 15)
and thetop of the ArcadiaFormation (Cunningham and
others, 1998, fig. 17b) indicates similar structural con-
figuration of both marker horizons. Two southeastward
plunging synclines mapped at the top of the Arcadia
Formation are approximately mirrored by the base of
the gray limestone aquifer as shown in fig. 15. One
structurally low area at the base of the aquifer liesin
west-central Collier County (fig. 15, wells C-913 and
C-1178), and the other extends through the intersection
of Hendry, Palm Beach, and Broward Counties
(fig. 15). Similarly, in the southern part of the study
area, a southeast-to-southward plunging syncline at the
Arcadialevel (Cunningham and others, 1998, fig. 17b)
coincides with an area where the altitude of the base of
the gray limestone aquifer islow passing through well
G-3677 (fig. 15).

In the northern part of the study areain Hendry,
Palm Beach, Callier, and Broward Counties, areas of
thick gray limestone aquifer (fig. 16) correspondtolow
areas mapped on the top of the Arcadia (Cunningham
and others, 1998, fig. 17b). Additionally, in southeast-
ern Hendry and eastern Collier Counties, arelatively
thin area of the gray limestone aquifer trending north-
west and passing through well HE-1113 (fig. 16) exists
above a plunging anticline mapped at the top of the
Arcadia. Correspondence in structural altitudes were
not observed between thetop of the Arcadiaand thetop
of the gray limestone aquifer.

The coincidence between aquifer thickness,
structural configuration at the base of the agquifer, and
the structural attitude at the top of the Arcadia Forma-
tion suggests that Miocene paleotopography at the
Arcadialevel influenced deposition of the Ochopee
Limestone. Comparison of maps shown herein and in
Cunningham and others (1998) suggests accumulation
of the Ochopee Limestone was thickest in paleotopo-
graphiclow areas and thinnest in paleotopographic high
areas. This hypothesis suggests that pal eotopography
played arolein controlling the thickness of the gray
limestone aquifer. Alternatively, structural movements
in parts of the study areamay have occurred concurrent
to Pliocene deposition of the Ochopee Limestone, per-
mitting greater accumulation of carbonate sediment.
This second hypothesi s suggests structural movement
may have locally influenced the thickness of the gray
limestone aquifer in parts of the study area.

A northwest-southeast trending fault is sug-
gested in eastern Collier County based on well-control
datafor the base of the gray limestone aquifer (fig. 15).
Displacement could be aslarge as 60 ft. An offset of
about 30 ft isindicated between two test wellsaong
Alligator Alley, the Noble’s Road test well (C-1139)
and the Sabine Road test well (fig. 15, C-1173), which
is about 2,500 ft south of C-1139, and this offset is
shown on hydrogeologic sections A-and B-B
(figs. 10 and 12). Two monitoring wells (C-1184 and
C-1185) were installed in the gray limestone aquifer at
the Noble’s Road site near well C-1139 (table 1). Well
C-1185 is only about 60 ft west of C-1139, and well
C-1184 is about 700 ft west of C-1139. On the basis of
correlation between C-1184 and C-1185 using litho-
logic data and gamma-ray logs, it is postulated the fault
is present between them and was active during deposi-
tion of the Ochopee Limestone and possibly the
Pinecrest Sand (fig. 17). Both units are thicker in well
C-1185 on the downthrown side of the fault. The thick-
ening of these units between the wells could have
resulted from differential erosional paleotopography of
a subjacent unit prior to their deposition; however, the
continuity in thickness of the lower semiconfining unit
(unnamed formation) below the Ochopee Limestone
(figs. 10 and 17) does not indicate erosion. If this fault
is present, it is probably deep seated. It may not actu-
ally extend up as high as the Tamiami Formation, and
the apparent displacement at the gray limestone aquifer
level could be the result of differential rates of deposi-
tion caused by concurrent, deep-seated movement
along the fault.
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Figure 9. Traces of hydrogeologic section A-A’, A’-A", B-B'and C-C'in the study area.
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Table 7. Tops of hydrogeologic units in selected wells as determined for this study

[Well locations shown in figure 1. All units shown in feet. Depths are from measuring point, which is at land surface or above. Type of data: 1, cuttings;
2, continuous core; 3, geophysical logs; and 4, reverse-air core. FGS, Florida Geological Survey; USGS, U.S. Geological Survey; DNP, did not penetrate;
?, questionable or uncertain depth, often because cuttings samples are of poor quality or are collected at large intervals, >greater than]

Altitude of PRI Depth to top Depth to base
Local well - top of upper con- ) . Type of
identifier meagurmg fining or semi- of gray Ilme- of gray Ilme- data Source of data
point - B stone aquifer  stone aquifer
confining unit
C-41 -5 ? 20 107 1 USGSfiles

C-308 15 0 24 66 1 McCoy (1962)
C-701 34 ? ? 130? 1 USGSfiles
C-791 38 ? 30 90 1 USGSfiles
C-851 18 3 22 32 2 USGSfiles
C-873 37 ? ? 140? 3 USGSfiles
C-913 15 Absent 0 103 1 Peacock (1983)
C-917 6 Absent 0 71 1 Peacock (1983)
C-918 8 Absent 0 83 1 Peacock (1983)
C-919 9 Absent 0 97 1 Peacock (1983)
C-920 9 Absent 0 70 1 Peacock (1983)
C-921 10 0 10 118 1 Peacock (1983)
C-922 8 Absent 0 70 1 Peacock (1983)
C-923 8 Absent 0 60 1 Peacock (1983)
C-927 8 Absent 0 60 1 Peacock (1983)
C-928 5? 0 10 120 1 Peacock (1983)
C-929 9 Absent 0 100 1 Peacock (1983)
C-930 15 10 50 100 1 Peacock (1983)
C-931 13 Absent 0 70 1 Peacock (1983)
C-965 21.96 0 5 55 1 Knapp and others (1986)
C-1074 26.71 0 20 80 1 Knapp and others (1986)
C-1077 30.64 Absent Absent Absent 1 Knapp and others (1986)
C-1090 25 4 13 32 2 FGS description
C-1091 13 Absent 4 50 2 FGS description
C-1115 5 Absent 4 62 2 Weedman and others (1997)
c-1117 13 Absent 5 71 2 Weedman and others (1997)
C-1125 36 ? ? 1507 1 FGS-Fort Myers description
C-1126 40 ? ? 115? 1 FGS-Fort Myers description
C-1128 38 ? ? 115? 1 FGS-Fort Myers description
C-1133 38 ? ? 142? 1 Current study
C-1134 10 0 10 82 2 Current study
C-1135 12 0 18 43 2 Current study
C-1136 10 Absent 2 53 2 Current study
C-1137 6 Absent 0 35 2 Current study
C-1138 114 20 52 109 2 Current study
C-1139 13 40 92 148 2 Current study
C-1140 8 2 9 55 2 Current study
Cc-141 15 0 21 71 2 Current study
C-1142 16 0 58 100 2 Current study
C-1152 15 ? ? 1007 1 Current study
C-1153 42 ? ? 20 1 FGS-Fort Myers description
C-1154 20 0 40 80 1 Current study
C-1156 14 25 60 150 1 Current study
C-1157 14 50 70 150 1 Current study
C-1158 13 0 80 160 1 Current study
C-1159 12 ? ? 190? 1 FGS description
C-1162 12 ? ? 1607 1 Current study
C-1163 20 13 27 49 2 Cunningham and McNeil (1997)
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Table 7. Tops of hydrogeologic units in selected wells as determined for this study (Continued)

[Well locations shown in figure 1. All units shown in feet. Depths are from measuring point, which is at land surface or above. Type of data: 1, cuttings;
2, continuous core; 3, geophysical logs; and 4, reverse-air core. FGS, Florida Geological Survey; USGS, U.S. Geological Survey; DNP, did not penetrate;
?, questionable or uncertain depth, often because cuttings samples are of poor quality or are collected at large intervals; >greater than]

Altitude of Depth to Depth to top Depth to base
Local well . top of upper con- . . Type of
identifier meagurmg fining or semi- of gray Ilme- of gray Ilme- data Source of data
point S ) stone aquifer  stone aquifer
confining unit

C-1169 15 17 75 139 2 Current study
C-1173 13 0 65 115 2 Current study
C-1176 12 0 8 42 2 Current study
C-1178 19.2 3 55 144 2 Current study
C-1180 ~5 0 6 45 2 Current study
C-1181 17 10 42 99 2 Current study
C-1182 13 0 74 125 2 Current study
C-1183 15 6 41 83 2 Current study
G-2296 155 ? 60 180 1 USGSfiles
G-2311 ~10 75 138 163 4 Fish (1988)
G-2312 ~12 74 105 170 4 Fish (1988)
G-2313 ~10 28 42 155 4 Fish (1988)
G-2314 ~20 30 40 155 4 Fish (1988)
G-2315 ~19 41 116 192 4 Fish (1988)
G-2316 ~8 58 93 158 4 Fish (1988)
G-2317 ~5 85 Absent Absent 4 Fish (1 1988)
G-2318 &5 57 Absent Absent 4 Fish (1988)
G-2319 ~10 50 113 166 4 Fish (1988)
G-2320 ~10 53 85 168 4 Fish (1988)
G-2321 ~8 103 149 161 4 Fish (1988)
G-2322 ~14 149 Absent Absent 4 Fish (1988)
G-2329 ~13 7 73 137 4 Fish (1988)
G-2330 =3 43 63 167 4 Fish (1988)
G-2338 ~12 47 97 154 4 Fish (1988)
G-2340 ~12 17 60 147 4 Fish (1988)
G-2341 ~12 122 Absent Absent 4 Fish (1988)
G-2346 ~9 18 57 128 4 Fish (1988)
G-2891 13 30 50 180 1 FGS description
G-2912 ~10 72 DNP DNP 2 Current study
G-3238 14 ? ? 1407 1 USGSfiles
G-3294 ~9 117 138 179 4 Fish and Stewart (1991)
G-3295 ~9 19 57 135 4 Fish and Stewart (1991)
G-3296 ~8 43 70 174 4 Fish and Stewart (1991)
G-3297 ~9 87 121 147 4 Fish and Stewart (1991)
G-3298 ~8 99 140 166 4 Fish and Stewart (1991)
G-3299 ~6 165 Absent Absent 4 Fish and Stewart (1991)
G-3301 13 19 72 152 4 Fish and Stewart (1991)
G-3302 ~6 14 79 138 4 Fish and Stewart (1991)
G-3303 ~4 29 91 160 4 Fish and Stewart (1991)
G-3304 ~9 102 119 144 4 Fish and Stewart (1991)
G-3305 &5 78 105 132 4 Fish and Stewart (1991)
G-3306 ~12 127 Absent Absent 4 Fish and Stewart (1991)
G-3308 ~4 19 111 160 4 Fish and Stewart (1991)
G-3309 ~2 16 100 138 4 Fish and Stewart (1991)
G-3310 &5 43 153 182 4 Fish and Stewart (1991)
G-3311 ~12 51 135 174 4 Fish and Stewart (1991)
G-3312 =I5 113 Absent Absent 4 Fish and Stewart (1991)
G-3313 ~15 123 Absent Absent 4 Fish and Stewart (1991)

G-3314A =3 56 181 210 4 Fish and Stewart (1991)
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Table 7. Tops of hydrogeologic units in selected wells as determined for this study (Continued)

[Well locations shown in figure 1. All units shown in feet. Depths are from measuring point, which is at land surface or above. Type of data: 1, cuttings;
2, continuous core; 3, geophysical logs; and 4, reverse-air core. FGS, Florida Geological Survey; USGS, U.S. Geological Survey; DNP, did not penetrate;
?, questionable or uncertain depth, often because cuttings samples are of poor quality or are collected at large intervals; >greater than]

Altitude of Depth to Depth to top Depth to base
Local well . top of upper con- . . Type of
identifier meagurmg fining or semi- of gray Ilme- of gray Ilme- data Source of data
point S ) stone aquifer  stone aquifer
confining unit
G-3315 ~15 97 175 180 4 Fish and Stewart (1991)
G-3316 =2 95 Absent Absent 4 Fish and Stewart (1991)
G-3317 ~4 27 84 153 4 Fish and Stewart (1991)
G-3318 ~4 43 132 166 4 Fish and Stewart (1991)
G-3319 ~3 33 166 170 4 Fish and Stewart (1991)
G-3320 ~9 87 Absent Absent 4 Fish and Stewart (1991)
G-3321 ~6 111 Absent Absent 4 Fish and Stewart (1991)
G-3394 ~6 36 124 151 4 Fish and Stewart (1991)
G-3671 ~6 105 128 138 2 Current study
G-3673 =5 96 126 136 2 Current study
G-3674 ~5 90 125 153 2 Current study
G-3675 &5 75 DNP DNP 2 Current study
G-3677 ~4 43 167 186 2 McNeill and others (1996)
HE-591 15 20 60 DNP 1 Smith and Adams (1988)
HE-868 25 30 95 DNP 1 Smith and Adams (1988)
HE-901 26 10 30 80 1 Smith and Adams (1988)
HE-902 22 30 85 190 1 Smith and Adams (1988)
HE-908 24 6 25 118 1 Smith and Adams (1988)
HE-976 38 ? ? 1547 3 USGSfiles
HE-1016 23 10 40 75 1 Smith and Adams (1988)
HE-1021 20 5 40 140 1 Smith and Adams (1988)
HE-1022 20 12 78 124 1 Smith and Adams (1988)
HE-1037 27 35 75 120 1 Smith and Adams (1988)
HE-1054 24 30 55 140 1 Smith and Adams (1988)
HE-1075 18 3 62 156 1 Smith and Adams (1988)
HE-1089 30 ? ? 607? 1 Current study
HE-1101 30 ? ? 200? 3 USGSfiles
HE-1108 20 25 75 >132 1 Smith and Adams (1988)
HE-1109 26 9 60 120 1 Smith and Adams (1988)
HE-1110 15 0 35 148 4 Current study
HE-1112 21 Absent 46 80 2 Current study
HE-1113 20 12 35 50 2 Current study
HE-1114 20 16 63 91 2 Current study
HE-1115 32 4 1007? 123 2 Current study
HE-1116 18 11 31 152 2 Current study
MO-138 14 Absent? ? 120? 1 Current study
MO-141 25 ? ? 100? 3 USGSfiles
MO-177 8 Absent 0 78 2 Current study
MO-178 10 25 48 126 2 Current study
MO-179 6 Absent 5 56 2 Current study
NP-100 45 58 110 126 1 USGSfiles
PB-1428 12 119 135 162 4 Fish and others (1988)
PB-1485 10 ? 68 198 1 Miller (1987)
PB-1696 11 0 50 125 1 Current study
PB-1703 20 19 80 92 2 Current study
PB-1704 11 3 73 173 2 Current study

36 Hydrogeology of the Gray Limestone Aquifer in Southern Florida



DEPTH, IN FEET BELOW LAND SURFACE

WEST

C-1184
NOBLES HUNT CAMP
MONITORING WELL
Elevation 13 feet
Natural gamma ray

counts per second

0 100 200 300

0 100

EAST

C-1185
NOBLES ROAD
MONITORING WELL
Elevation 13 feet
Natural gamma ray

counts per second

200 300

0|||||

20

30 —

50 =

Screened
interval

170 —

60

70

80

90

100 -

110

120

130

140

150

160

Upthrown

side

f

WATER-
TABLE
AQUIFER

UPPER
CONFINING

UNIT

l side of

I postulated
I fault

?

LIMESTONE

AQUIFER

Downthrown|

LOWER
SEMICONFINING

UNIT

180

Approximately 650 feet between wells

Figure 17. Hydrogeologic section showing correlation between wells C-1184 and C-1185 in eastern Collier
County using gamma-ray logs. Well C-1185 is located 60 feet west of test corehole C-1139 at the Noble’'s Road
site (see figure 1).

Geologic Framework of Southern Florida

37



Evidence for asimilar southeast fault trend has two regional aquifer systems and contains aquifers that
been observed in eastern Lee and northwestern Collier ~ are sandwiched between thick confining units (South-

Counties, as indicated by possible displacement of a eastern Geological Society Ad Hoc Committee on
lower Arcadia Formation marker unit (Reese, 1999, Florida Hydrostratigraphic Unit Definition, 1986). To

fig. 6). The axis of a narrow structural depression the east, these aquifers of the intermediate aquifer sys-
mapped in this previous study can be projected tothe ~ tem either pinch out or grade out by facies change, and
southeast to approximately align with the postul ated only the mte_rmedlate_confmlng unitis presentin §outh-
fault in northeastern Collier County (fig. 15). eastern Florida. The intermediate confining unit is

equivalent to the upper confining unit of the Floridan
aquifer system (Miller, 1986). The relations between
the hydrologic nomenclatural scheme proposed herein
and those in other studies is presented in figure 18.

Thegray limestone aquifer and its confining unit
were mapped in the portion of the study areain central
and eastern Collier County and southern Hendry
County (Shoemaker, 1998). The purpose of Shoe-
maker’s study was to better define these units using
surface geophysics in areas inaccessible to drilling orgyrficjal Aquifer System
where well control was sparse. A total of 65 time-
domain electromagnetic (TDEM) and 33 direct-current The surficial aquifer system includes all rocks
(DC) resistivity soundings were completed in the vicin-and sediments from land surface to the top of the inter-
ity of, or along, transects between test wells drilled durmediate confining unit or intermediate aquifer system.
ing this study as well as previous studies. These Its lower limit “coincides with the top of laterally
soundings provided information on the thickness and extensive and vertically persistent beds of much lower
depth to geoelectric layers within the study area, and permeability” (Southeastern Geological Society Ad
comparison of geoelectric and hydrogeologic units atHoc Committee on Florida Hydrostratigraphic Unit
eight well locations suggested major contrasts in elecbefinition, 1986). The surficial aquifer system in
trical resistivity are coincident with contacts between southern Florida consists mostly of beds of limestone,
hydrogeologic units. Based on this comparison, it wasinconsolidated quartz sand, terrigenous mudstone,
assumed that geoelectric layers correspond to hydro-shell, and quartz sandstone. Limestone beds constitute
geologic units, and the hydrogeologic units were the major component of two aquifers: the Biscayne
mapped using the TDEM and DC data in addition to aquifer and gray limestone aquifer. These aquifers can
data collected from 12 test wells. grade into one another and into a third aquifer, the

Some of the surface-geophysical data were col-water-table aquifer, which occurs to the west and north
lected close to the projected position of the postulate®f the Biscayne aquifer (fig. 18).
fault in northeastern Collier County (fig. 15), and evi- The water-table aquifer extends from land sur-
dence for displacement of the base of the gray lime- face to the top of confining beds that are part of the
stone aquifer across the fault was not found. HowevelJPper Tamiami Formation, or the aquifer merges with
in general, significant variability in estimates of the ~the top of the gray limestone aquifer. In much of the
depth to the base of the gray limestone aquifer was study area, the yvater-table aquifer comprises near-sur-
found to be present over short distances. Potential  face undifferentiated quartz sand and limestone or
sources of this variability include a complex hydrogeoduartz sand and limestone of the Pinecrest Sand that

logic framework, poor correspondence between geo- merge laterally to the east with the Biscayne aquifer. In

electric and hydrogeologic units, poor resolution of themos.t of Monroe County "?‘”d south—cen'tral gnd western
depth to the base of the gray limestone aquifer by surgOIIIer County, the gray limestone aquifer is the water-

face-geophysical soundings, or cultural noise that wa%alOIe aquifer; in this area the water-table aquifer has
undetected (Shoemaker, 1998). Iso been referred to as the Chokoloskee aquifer

(Jarosewich and Wagner, 1985).

The Biscayne aquifer was named and defined by
HYDROGEOLOGIC FRAMEWORK OF Parl_<er (1951_, p. 82(_)) _and is the_o_nly formally named
SOUTHERN ELORIDA aqwfe_r contalned Wlth!n t_he surflt_:lal aquifer system.

The Biscayne is the principal aquifer and a sole-source

Southern Florida is underlain by aquifer systemsaquifer (Federal Register Notice, 1979) in southeastern
that include the regionally extensive surficial and Flori+Florida. It is the most productive aquifer of the surficial
dan aquifer systems (Miller, 1986). In southwestern aquifer system and one of the most permeable water-
Florida, the intermediate aquifer system separates thebearing units in the world (Parker and others, 1955).

38 Hydrogeology of the Gray Limestone Aquifer in Southern Florida
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Fish (1988, p. 20) defined the Biscayne aquifer as.
“That part of the surficial aquifer system in
southeastern Florida comprised (from land sur-
face downward) of the Pamlico Sand, Miami
Oolite (Limestone), Anastasia Formation, Key
Largo Limestone, and Fort Thompson Formation
all of Pleistocene age, and contiguous highly per-
meable beds of the Tamiami Formation of
Pliocene age, where at least 10 ft of the section is
highly permeable (a horizontal hydraulic conduc-
tivity of about 1,000 ft/d or more).”
For Miami-Dade (Fish and Stewart, 1991) and Bro-
ward (Fish, 1988) Counties, the permeability requisite
of this definition provides an approach for estimating
the boundary of the Biscayne aquifer.

Intermediate Aquifer System and
Intermediate Confining Unit

In this report, the intermediate aquifer systemis
defined as those aquifersthat lie below the top of the
Peace River Formation. This definition is consistent
with Fish’s (1988) and Fish and Stewart’s (1991) inclu-
sion of limestones of the Tamiami Formation in the
surficial aquifer system in Broward and Miami-Dade
Counties. However, thisdefinition differsfrom Miller's
(1990) delineation of the intermediate agquifer system
in southwestern Florida, which includes sand, lime-
stone, and shell beds of the Tamiami Formation.

Water-yielding rocks of the intermediate aquifer
system are known to be widely present only in the
northwestern part of the study areain Hendry and west-
ern Collier Counties (Smith and Adams, 1988).
Locally, quartz sand aquifers occur within the Peace
River Formation in the study area; for example, inwell
C-1135 (fig. 13). However, the lateral extent of these
aquifersin the study areais poorly understood.

HYDROGEOLOGY OF THE GRAY
LIMESTONE AQUIFER

The gray limestone aquifer includes the Ochopee
Limestone Member of the Tamiami Formation and, in
some areas, asmall portion of the underlying unnamed
formation (fig. 4). Although thegray limestoneaquifer is
well confined in some aress, it is placed in the surficial
aquifer system in this study, asit has been in previous
studies (Fish, 1988; Fish and Stewart, 1991). Discussion
of the gray limestone aquifer in this section includes its
definitions, delineation of the thickness and extent of the
aquifer and its confining units, description of its pore

system geometry based on core study, determination of
the hydraulic properties and porosity of the aquifer, and
delineation of the distribution of these hydraulic proper-
ties and the degree of confinement of the aquifer. Mea-
surements of water level and water quality in the gray
limestone aquifer are used to gain an understanding of
the ground-water flow system of the aquifer.

The gray limestone aquifer was defined by Fish
(1988) asfollows:

“That part of the limestone beds (usually
gray) and contiguous, very coarse, clastic beds of
the lower to middle part of the Tamiami Formation
that are highly permeable (having a hydraulic
conductivity of about 100 ft/d or greater) and at
least 10 ft thick.”

In this report, the gray limestone aquifer was
mapped according to hydraulic conductivity criteria
that dightly differ from that of Fish (1988). Limestone
and sandstone of the Ochopee were included in the
gray limestone aquifer if hydraulic conductivitieswere
moderateto very high (about 10 ft/d or greater). Quartz
sand and sandstone of the unnamed formation contigu-
ous to limestone beds at the base of the Ochopee were
included in the gray limestone aguifer if hydraulic con-
ductivity was high to very high (about 100 ft/d or
greater) or included moldic porosity. In this study,
hydraulic conductivity assessment is based on core
samples, coreanalyses, aquifer tests, and flowmeter log
results. The data assembled by Fish (1988) and Fish
and Stewart (1991) for Broward and Miami-Dade
Counties, respectively, were reevaluated, resulting in
only minor changes.

The gray limestone aquifer is the same asthe
lower Tamiami aquifer in southern Hendry County
(fig. 18). Thisequivalency is shown by hydrogeologic
sections A-A’" and B-B' (figs. 10 and 12). To the west
and south in Collier and Monroe Counties, the aquifer
becomes the water-table or Chokoloskee aquifer and is
probably hydraulically continuous with the upper pre-
dominantly limestone part of the lower Tamiami aqui-
fer of Knapp and others (1986) (figs. 12, 13, 18 and 19).

Characteristic borehole geophysical 1og
responses in the gray limestone aquifer in an area
whereit is semiconfined to confined are shown in well
C-1183 in eastern Collier County (figs. 1 and 20).
Boreholelog responses shown areinduction resistivity,
natural gammaray, spontaneous potential, and single-
point resistance. The gray limestone aquifer, asin most
of the study area, is best defined by the natural gamma-
ray curve; it has a gamma-ray activity that is much
lower than that in the upper and lower confining units.
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Configuration, Thickness and Extent of the
Aquifer and Its Confining Units

The geometry, thickness, and physical extent of
hydrogeol ogic units were delineated on the basis of
lithologic and borehole geophysical data, well-to-well
correlation, core sample analysis, an eval uation of
available flowmeter log data, and aquifer test results.
The configuration, extent, and thickness of various
water-bearing and confining units may not necessarily
correspond to geologic units that underlie this area.
Rather, a comparison of the relative change in perme-
ability between adjoining rock units and their lithofa-
cies played an integral part in helping to define and
delineate major aquifers and confining units. Hydro-
geologic and lithostratigraphic units are shown on the
hydrogeol ogic sections (figs. 10-13).

The top and base of the gray limestone aquifer
are similar in that both surfaces are shallowest in Col-
lier and Hendry Counties and slopeto the southeast and
east (figs. 14 and 15). Thealtitude of thetop of the gray
limestone aquifer generally ranges between sea level
and 100 ft below sealevel in the study area. However,
itisas much as 17 ft above sealevel in northwestern
Collier County (fig. 14, well C-965) and as low as
176 ft below sealevel in south-central Miami-Dade
County (fig. 14, well G-3314). The altitude of the base
of the aquifer generally ranges from 50 to 160 ft below
sealevel, but the basal surface can be comparatively
irregular in some areas. Thisis apparent in northwest-
ern to central Collier County where the base of the
aguifer isas shallow as 7 ft below sealevel in well
C-1090 and extendsto adepth of 125 ft below sealevel
inwell C-1178 (fig. 15). The base of the aquifer lies at
amaximum depth of 205 ft below sea level in south-
eastern Miami-Dade County (fig. 15, well G-3314). An
irregularly shaped anticline on the top of the gray lime-
stone aquifer extends across southwestern Palm Beach,
northwestern Broward, and southern Hendry Counties
with an altitude as high as 20 ft below sealevel. On the
base of the aquifer, asynclineis present in some of the
same area occupied by this anticline.

The thickness of the gray limestone aquifer gen-
erally ranges from 30 to 100 ft (fig. 16). The thickness

County and northern Miami-Dade County. Many of the
areaswheretheaquifer isthick correspondtowherethe
atitude of the base of the aquifer islow, such asin
southern Hendry County, northwestern Broward
County, and parts of western Collier County (figs. 15
and 16).

The northern and western extents of the gray
limestone aquifer were not defined in this study.
Although the aquifer isinterpreted to be absent in well
C-1077 in northwestern Collier County (fig. 16), the
lower Tamiami aquifer is mapped as being present in
most of western and northeastern Hendry County
(Smith and Adams, 1988, fig. 21), which are outside of
the study area. However, the limestones of the Tamiami
Formation, which are included in the lower Tamiami
aguifer, thinto the north, and sand and sandstone layers
make up most of the thickness of the formation in cen-
tral Hendry County (Smith and Adams, 1988, p. 10).

The easternmost extent of the gray limestone
aguifer corresponds closely to the limits previoudy
delineated by Fish (1988) and Fish and Stewart (1991).
In northeastern Broward County, the eastern edge of
the aquifer occurs at the transition from highly perme-
able limestone or contiguous shell sand to a signifi-
cantly less permeabl e facies composed of sandy, clayey
limestone and quartz sand and sandstone. In northeast-
ern Miami-Dade County, the eastern limit of the agui-
fer is mapped where the aguifer merges with the
Biscayne aquifer and the intervening semiconfining
unit wedges out. South of the Tamiami Trail, the east-
ern boundary occurs at atransition to less-permeable
siliciclastic sediments.

The gray limestone aquifer is overlain and
underlain by upper and lower confining to semiconfin-
ing unitsin most of the study area. These units are usu-
aly composed of siliciclastics of low to very low
hydraulic conductivity (sand, clayey sand, mudstone,
and clay), but they can also be principally limestone of
low hydraulic conductivity (figs. 10-13). As described
earlier in this report, rock lithofacies and their inter-
preted hydraulic properties served asimportant factors
in delineation of water-bearing and less-permeable
hydrogeologic units.

of the unnamed formation included within the aquifer
at its base ranges from 1 to 20 ft in seven test wells
whereitispresent (appendix I1). The aquifer isthickest
in southwestern Palm Beach, northwestern Broward,
and southern Hendry Counties where it ranges from
100 to as much as 130 ft thick. Local areas of similar
thickness are found in western and southeastern Collier

The term “confining unit” is often used in a gen-
eral sense in this report. The presence of confining
units bounding the gray limestone aquifer does not nec-
essarily imply confining conditions, rather that the
aquifer is bounded by lithologic units that are less per-
meable than the aquifer as determined by visual estima-
tion, core analysis, or aquifer testing. Terms used
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herein to further qualify the degree of confinement pro-  eastern Hendry County, the upper confining unit is
vided by a confining unit are “semiconfining unit” and locally absent (fig. 22, well HE-1112); quartz sand
“good confining unit.” The term “semiconfining” indi- deposits equivalent to the upper confining unit here
cates a range in confinement from poor to moderate. Asave moderate hydraulic conductivity.
described later in this report, the gray limestone aquifer : - -
. . . A semiconfining unit is present below the gray
can be bounded above by what is described as a Sem'r_nestone aquifer in most of the study area
confining unit, yet characteristics of the response of th%I quitert udy

aquifer to an aquifer test can indicate unconfined con—cf:'gs' th_—1t3h). Howtever, e>f[cef|c;':]for tpzrts of C?r:“el; f
ditions. The terms “good confinement” or “well con- ~OUNY IN the€ Western part otihe sidy area, the base o

fined” are based on leakance as determined from this semiconfining unit marks the base of the surficial

aquifer testing, and they are defined using this propert?qUifer system; it is underlain by silt and mudstone

later in the report. Leakance is related to the thicknes§CNfiNing beds of very low hydraulic conductivity con-
and vertical hydraulic conductivity of a confining unit. t@ined in the intermediate aquifer system or the inter-

mediate confining unit.
Contour maps that delineate the top and thick-

ness of the confining unit bounding the top of the gray
limestone aquifer are shown in figures 21 and 22. Thgntrols on Porosity and Permeability
altitude of the top of the confining unit ranges from
tlho f ?bdove sea Ie\éetlr:p S0 f;[ bEIOVIV sea Idevel n mgc;h ?f Porosity in the gray limestone aquifer is prima-

€ study area, and this surtace siopes dowhward to r]’ﬁy intergrain and moldic (skeletal moldic), using the
east and to the southeast (fig. 21). The areas of lowest . : .

. - . . pore type terminology of Lucia (1995). Solution-
altitude of the top of the confining unit are in eastern o .

- : nlarged pore spaces and minor intraparticle, root-

Palm Beach and Broward Counties and in eastern an‘@1O|d and borina porosity are distributed locall
south-central Dade County where the altitude ranges : gp y Y-

from 50 to 108 ft below sea level. These areas adjoin,"\:I Old'ﬁir?OLOS'?/ cz;m ti)te Clriﬁis'f're? ?S q tsep?riar\] te vulgnor
and are close to the eastern limit of the gray limeston ouching vug"porosity and IS related to grain packing.

aquifer. el'he rudstones of the gray limestone aquifer contain
touching vug, separate vug, and intergrain porosity
The upper confining unit ranges from 20 to 60 ft (fig. 7), whereas the floatstones are characterized by
in thickness in most of the study area, but is absent t&eparate vug and intergrain porosity. In the rudstones
the west and southwest in much of Collier County andyith a matrix that contains intergrain porosity, moldic
most of Monroe County (fig. 22). The confining unitis pore space is linked by both touching vugs and the
thickest in south-central and southwestern Miami-  intergrain pore space. In the floatstones with a matrix
Dade County, where the unit is as much as 125 ft thicknhat contains an intergrain porosity, the moldic pore
in well G-3314 (fig. 22). This area corresponds, in Partgpace is connected only by the intergrain pore space.
to areas of low structural altitude of the top of the grayrcks containing pore spaces connected only by inter-
I|mest.one aquifer (fig. 14). The unit thickens to 50 ft or 5,5in pores have relatively low values of hydraulic con-
more in an area that extends southeastward from Sou%hctivity, whereas rocks containing touching vug pore

ern Hendry County through northeastern Collier space have relatively high values of hydraulic conduc-
County and into western Broward County. This aréa ity |ntergrain, moldic, and solution-enlarged pore

also generally corre_sponds to an area of low al_tlt_ude 0épaces all contribute to the overall hydraulic conductiv-
the top of the gray limestone aquifer. The confining ity of the rocks of the gray limestone aquifer.
unit also thickens to 50 ft or more in southern Palm

Beach County and north-central and central Broward Diffuse-carbonate and conduit flow are impor-
County. Local thickening occurs in west-central Colliertant ground-water flow mechanisms in the gray lime-
County in well C-1178 (fig. 22) and corresponds to anstone aquifer. In diffuse-carbonate flow, the movement
area where the gray limestone aquifer also thickens. of water is partitioned within and flows through small-
The upper confining unit is thin in an area that includesscale moldic and intergrain pore space contained in the
small contiguous parts of southwestern Palm Beach, rock. The pathways of ground-water movement in a
northeastern Broward, and southern Hendry Counties;onduit fluid-flow system are principally along bed-
and in this area the underlying gray limestone aquifer igling planes, fractures, joints, faults, and any other type
both thick and its upper surface is elevated. In south-of touching vugs expanded by chemical dissolution.
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Hydraulic Properties and Porosity Estimates tests and six were single-well tests. Five of the test sites
are located in eastern Collier County and one is located
in northern Monroe County. The multiwell tests were
performed at the Bear Island Campground, Big
Cypress Sanctuary, FAA Radar, and Trail Center sites
(table 9, map nos. 38-40 and 42). The former two sites
are located just to the north of Alligator Alley, and the
latter two are located along Tamiami Trail (fig. 23).

; e : : Single-well tests were performed at the Noble’s Farm,
during core sample description (appendix I1). Quantita- gear Island Campground, Big Cypress Sanctuary,

tive estimates of these same parameters within the Alligator Alley East, and FAA Radar sites (table 9, map
aquifer were made through laboratory analysisof core- 155 37, 38A, 39A, 40A, 40B, and 41).
plug samples. The “Core description and core sample

analysis” section describes these methods in detalil.

Estimates of the hydraulic properties of the gray
limestone aquifer, including transmissivity, hydraulic
conductivity, and the leakance were made by analysis
of aquifer-test data. Additionally, qualitative estimates
of porosity and hydraulic conductivity for the aquifer
and bounding units were made visually by using aclas-
sification scheme developed by Fish (1988, table 8)

All of the tests conducted in this study were of the
gray limestone aquifer except two, which were single-
well tests of sand aquifers within the Peace River For-
mation at the FAA Radar site. Hydraulic properties also

A total of 37 aquifer tests from published reportswere determined for the sand aquifer of the unnamed
or made available from the files of private consultantsformation at the Bear Island Campground site using the
were reviewed, including multiwell, single-well, spe- multiwell test data collected during the test of the over-
cific-capacity, and step-drawdown tests (table 8). In lying gray limestone aquifer. This information was
three tests, the reported estimates were based on maderived from numerical analysis of monitoring well
than one of these methodologies. The least accurate dfawdown data, which included data from well C-1141
these methods used to determine transmissivity is thecompleted in the sand aquifer (table 9, map no. 38B).

specific capacity test (_Fish, 1988, p. 23); qnly five tests Analysis of aquifer test and heat-pulse flow-
are based solely on this method. Two aquifer tests WelSeter data and review of long-term water-level data

performed within separate intervals of the gray lime- g,ggest that the gray limestone aquifer is unconfined at
stone aquifer at the same site (table 8, map nos. 20 ajge Bear Island Campground and FAA Radar sites,
20A). Information in table 8 includes map number, sitésemiconfined at the Trail Center site, and confined at

name, operator of the test, and source of information.ihe Big Cypress Sanctuary site. Flow zones were deter-
The locations of all aquifer test sites are shown in  yined at all four of these multiwell test sites using
figure 23. flowmeter data, and these zones together with other

_ Onthe basis of historical test data, the transmispgrenole geophysical logs and hydrogeologic units are
sivity of the gray limestone aquifer ranges from 5,800 in figure 24.

to 160,000 f/d, with storativity (storage coefficient) Analvsis of th i i q
ranging from 1.0< 10° to 6.0x 10 (table 8). Where nalysis of the gray limestone aquifer test data at

the aquifer is confined or semiconfined, reported trl]i';?':;‘A Radaf1.r si;e wlas_madebliy gsi??] th? Neluman d
values for leakance varied widely, ranging from about,f_ d)unijon |ne| fOfUthﬂ (t'fa f 1 edsnetpdant?rr]\_
8.6x 107 to 2.3x 102 1/d. The test at sites with map | 1e-drawdown plots for aquiter tests conducted at this

numbers 33 to 36 (table 8) are interpreted to indicate site are shown in figure 25. The time-drawdown plots

unconfined conditions; these sites are located in wes are from a monltorln_g well in th? gray limestone aqui-
er (well C-1145) during the multiwell test and from the

ern Collier County (fig. 23), and the aquifer in this are ’ o .
! unty (fig. 23) guiter in ti ;b)wersand aquifer monitoring well (C-1143) during a

Historical Hydraulic Test Data

has been referred to as the water-table aquifer (Knapp.

and others, 1986). The average hydraulic conductivit ingle-well test (table 9). Data collected from single-

of the gray limestone aquifer determined by aquifer well aquifer tests of the two sand aquifers of the inter-

test, ted by others, df 148 t mediate_ aquifer sys_tem at this site (_fig. 24) were evalu-
zegogfst/;el(atg;z 8)y OIers, ranged from © ated using the Theis recovery solution (Theis, 1935).

During the multiwell test of the gray limestone aquifer,
no drawdown was observed in the monitoring wells
completed in these well-confined sand aquifers, despite

Ten aquifer tests were conducted at six sites asa 24-hour pumping period with an average pumping
part of this study (table 9). Four tests were multiwell rate of 297 gal/min.

Aquifer Tests Conducted During this Study
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Table 8. Historical aquifer-test results for the gray limestone aquifer or equivalent aquifer

[Map numbers are shown in figure 23. Type of test: 1, multiwell test with solutions by Theis (1935), Cooper and Jacob (1946), Hantush and Jacob (1955) and other investigators; 2, single-well test with Theis

(1935) recovery solution; 3, specific capacity test; and 4, step-drawdown test. Operator of test: SFWMD, South Florida Water Management District; USGS, U.S. Geologica Survey; Missimer,
Missimer and Associates; LB & G, Leggette, Brashears, and Graham. Units: ft, feet; ft2/d, feet squared per day; ft/d, feet per day, 1/d, one over day. Other annotations: ?, top of depth interval open in

production well is unknown; NR, not reported; and NA, not applicable given aquifer behavior or type of test; *, USGS local number]

Production well Average
Depth Type Trans- hydraulic
Map Site name or land owner Operator Well interval  of missivity  storativity® Leakance conduc-  Source of information
No. of test 2 (1/d) S
number open test  (ft9/d) tivity
(ft) (ft/d)
1 Alico (siteC) SFWMD HE-1035* 70-120 1 33,000 1.9x 10° 86x 107 730 Smith and Adams (1988)
2 Collier Corporation UsGS HE-286* ?-40 1 125,000 42x10* 225x10°3 NR Klein and others (1964)
3 Barron Collier SFWMD  HE-1041* 40- 80 1 61,000 1.2x 10 1.4x 103 1,700 Smith and Adams (1988)
U.S. Sugar Corporation, L v i ) 3 .
4 Rogers Ranch Missmer H-M-310  65-105 1 78,000 15x 10 55x 10 NR  Smithand Adams (1988)
5 Carl Gallagher SFWMD  HE-1054*  70-100 1 88,000 21x10% 1.4x 102 2,900  Smith and Adams (1988)
6 Robert McDaniels ggg)ns PwW 60 - 118 1 62,000 21x10% 23x10°3 NR Smith and Adams (1988)
7 S& M Farms USGS HE-303* ?-120 1 31,000 6.0x 104 223x 103 NR Klein and others (1964)
U.S. Sugar Corporation, South I " " .
8  Divison Ranch Missimer  H-M-235 65-125 1 14,000 50x 10 1.5x 10 NR Smith and Adams (1988)
U.S. Sugar Corporation, South o L ) iy 5 :
9 Divison Rarch Missimer  H-M-301 76-124 1 44,000 26x 10 1.3x 10 NR Smith and Adams (1988)
U.S. Sugar Corporation, South - N i " " .
10 5ivison Ranch Missimer H-M-328 75-133 1 66,000 2.6x 10 3.3x10 NR Smith and Adams (1988)
11 Seminole Tribe m:gyon PW 63-120 1 72000  42x10% 25x 10 NR  Smithand Adams (1988)
12 Seminole Tribe (site 2) SFWMD  HE-1021* 50-135 1 56,000 22x10-4 24x103 560 Smith and Adams (1988)
13 Seminole Tribe (site 1) SFWMD HE-1061* 78-123 1 50,000 1.3x 104 1.3x10* 1,100  Smith and Adams (1988)
14 rr';”i?a’ecoumy Corectiond — pe s 12 97-125 1 24000  56x10° NR 600  Smith and Adams (1988)
15  Collier Enterprises m:gn TPW 65-105 1 100000  12x10% 35x 102 NR  Smithand Adams (1988)
16 Miccosukee Tribe (north site) m@’m TPW 55-135 1 44000  30x104 1.0x 10 NR  Murray-Milleson (1989)
17 Miccosukee Tribe (NW site) m:ﬂgon TPW 90 - 165 1 64,000 4.0x 10° 4.0x 10° NR Murray-Milleson (1989)
18 Miccosukee Tribe (south site) m:gn TPW 85-160 1 78000  40x10° 3.0x 105 NR  Murray-Milleson (1989)
19 Twenty-Six Mile Bend USGS G-2312F 110-140 1,3 22,000 6.0x 100 NR 650  Fish(1988)
20 North Everglades Central USGS G-2313B*  46-81 3 9,000 NA NA 280  Fish(1988)
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Table 8. Historical aquifer-test results for the gray limestone aquifer or equivalent aquifer (Continued)

[Map numbers are shown in figure 23. Type of test: 1, multiwell test with solutions by Theis (1935), Cooper and Jacob (1946), Hantush and Jacob (1955) and other investigators; 2, single-well test with Theis
(1935) recovery solution; 3, specific capacity test; and 4, step-drawdown test. Operator of test: SFWMD, South Florida Water Management District; USGS, U.S. Geologica Survey; Missimer,

Missimer and Associates; LB & G, Leggette, Brashears, and Graham. Units: ft, feet; ft2/d, feet squared per day; ft/d, feet per day, 1/d, one over day. Other annotations: ?, top of depth interval openin
production well is unknown; NR, not reported; and NA, not applicable given aquifer behavior or type of test; *, USGS local number]

Production well Average
Depth Type Trans- hydraulic
'\,ﬂip Site name or land owner ngetr:;?r Well interval  Of Missivity storativity® Le?lflzr)lce conduc-  Source of information
' number  open  test  (ft%d) tivity
(ft) (ft/d)

20A North Everglades Central USGS G-2313C*  106-146 4 26,000 NA Very leaky 650  Fish (1988)
21 Alligator Alley East USGS G-2319X* 118-140 2 22,000 NA NA 500  Fish (1988)
22 Alligator Alley Central USGS G-2320F  93-167 4 67,000 NA NA 910  Fish (1988)
23 Alligator Alley West USGS G-2330z*  81-167 1,24 88,000 7.0x 105 NR 930  Fish (1988)
24  Southwest Everglades USGS G-2338C* 1025-156 1 50,000 10x 105 Confined 890  Fish (1988)
25 Forty-Mile Bend USGS G-3301E* 101-149 1 39,000 NR NR 780  Fishand Stewart (1991)
26 Tamiami West USGS G-3302E*  81-138 1 25,000 NR NR 420  Fishand Stewart (1991)
27 Tamiami Central USGS G-3303E* 121-150 1 13,000 NR NR 430  Fishand Stewart (1991)
28 Levee3IN USGS G-3311H* 145-173 3 5,800 NA NA 210  Fishand Stewart (1991)
29 Context Road West USGS G-3394B* 110-145 1,3 14,000 NR NR 400  Fishand Stewart (1991)
30 WWF-3 USGS  WWF3  160-198 1 16000  28x10° Confined 424 '(‘13;’%’ e
31 WWF-6 USGS  WWF6  140-170 1 15000  69x10° Confined 523 '(‘13;’;’5‘3’;’ ski and others
32 WWF-9 USGS WWF-9 85-150 1 9,600 6.0x 10 23% 102 148 tla;g;/% and others

- . : 1.2x 107 Missimer and Associates

33 Copeland Missmer CO-304 15-25 1 160,000 (peniticyield) NA NR  1og)
34 SiteC-28 SFWMD  Unknown 10- 39 3 120,000 NA NA NR Knapp and others (1986)
35 SiteC-30 SFWMD  Unknown 12- 40 3 96,000 NA NA NR Knapp and others (1986)
36 SiteC-34 SFWMD  Unknown 0-53 3 130,000 NA NA NR Knapp and others (1986)

TAquifer at site nos. 33 to 36 isinterpreted to be unconfined; aquifer at remaining sites interpreted to be confined or semiconfined.
2Value for |eakance was determined from reanalysis of drawdown data (reported value found to be in error).
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Table 9. Agquifer-test results from tests conducted during the course of the study

[Map numbersare shown in figure 23. Type of test: 1, multiwell test with solutions by Theis (1935), Cooper and Jacob (1946), or Hantush and Jacob (1955);
2, multiwell test with solution by Neuman (1972); 3, single well test with Theis (1935) recovery solution; and 4, multiwell test with numerical analysisusing
drawdown datain gray limestone and sand aquifers during same test. Units: ft, feet; ft2/d, feet squared per day; ft/d, feet per day; 1/d, one over day. NA, not
applicable given aquifer behavior or type of test]

Production well

Estimated
Transmis- hydraulic
Map Site name USGS _Depth Type sivity S_tqral— Leakance conduc-
No. interval of test 2 tivity (2/d) -
local well open (ft</d) t|V|ty2
number () (ft/d)
Gray Limestone Aquifer
37 Nobles Farm C-1142 60 - 100 3 80,000 SIS =0.44 NA 2,000
3g  Bearldand Camp- c-1167 22-57 4 %0000  20x10% NA 4,000
ground '
ey el RO C-1166 23- 43 3 200000 SIS =019 NA 4,000
ground
39 Big Cypress Sanctuary C-1171 75- 135 1 70,000 6.0 x 104 NA% 1,100
39A Big Cypress Sanctuary C-1170 80-120 3 70,000 SS =15 NA 1,100
40 FAA Radar C-1172 9-49 2 300,000 40x 103 50.2 12,000
41 Alligator Alley East C-1182 75- 125 3 100,000 SS=11 NA 2,000
42 Trail Center MO-188 89- 114 1 90,000 4.0x 1074 7.0x 103 1,200
Sand Aquifer
Bear Island Camp- 6 ) 5
3B round c-141 88-108 4 840  80x10 NA 20
40A FAA Radar C-1143 180 - 200 3 1,500 SS =10 NA 75
40B FAA Radar C-1144 120 - 130 3 180 gS =11 NA 14

1Gray limestone aquifer at site nos. 38 and 40 interpreted to be unconfined; gray limestone aquifer at remaining sites and all sand aquifers tested
interpreted to be confined or semiconfined. /S’ isratio of storativity during drawdown to that of recovery.

°Estimated usi ng full thickness of aquifer (see table 7 and Appendix I1).

SBest fit to data was obtained assumi ng the aquifer is semiconfined, but long-term water-level data indicate aquifer isunconfined. A similar value
for transmissivity was obtained by the Cooper-Jacob analysis of early time data.

“Test not run long enough to determine leakance.

SSpecific yield.

SUsed as monitoring well during test of gray limestone aquifer (map no. 38 above).
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Figure 24. Borehole geophysical logs, flow zones, and principal hydrogeologic units for test wells at four sites where
multiwell aquifer tests were conducted. The cps unit represents counts per second.
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Figure 25. Site plan and time-drawdown plots for two aquifer tests conducted at the FAA Radar site. All wells are completed in
the gray limestone aquifer, except for wells C-1143 and C-1144 which are completed in sand aquifers.
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Theaveragetransmissivity valuereported for the
multiwell test of the gray limestone aquifer at the Trall
Center site was 90,000 ft%/d based on acomposite anal-
ysis of monitoring wells MO-180, MO-182, and MO-
185, all of which were screened in the lower part of the
aquifer at about the same depths as the production well
(fig. 26 and table 9). The production well
(MO-178) was screened from 89 to 114 ft below land
surface. Poorly permeable limestone containing a car-
bonate mud-rich matrix occurs at depths between 80
and 96 ft below land surface and separates the aquifer
into upper and lower parts; and this unit provides some
confinement within the aquifer based on water-quality
data. Nevertheless, drawdown data from MO-187,
screened from 70 to 80 ft below land surface in the
upper part of the aquifer, gave a transmissivity of
approximately 80,000 ft%/d, which is similar to the
value obtained from the wells in the lower part of the
aquifer.

Core Analysis Data

A total of 32 limestone and sandstone core-plugs
were horizontally cut from core samples. 30 of the
samples were from the gray limestone aquifer, and 2
were from just below the base of the aquifer. Porosity
measured from these plugs ranged from 9.5t0 45.1 per-
cent, and horizontal permeability to air ranged from
189 to greater than 20,000 mD (millidarcies) (table 10).
Equivaent hydraulic conductivity was calculated from
the permeability values and ranged from 0.5 to greater
than 55 ft/d (table 10). Permeability could not be deter-
mined for five (16 percent) core plugs because perme-
ability exceeded the upper limit of the laboratory
instrumentation (20,000 mD) or because of a poor seat
with the portion of the instrument holding the plug.
Plots of porosity as afunction of the logarithm of per-
meability and as afunction of hydraulic conductivity
(fig. 27) suggest no linear relationships.

Core-plug derived measurements of hydraulic
conductivity are one to two orders of magnitude less
than aquifer-test-derived hydraulic conductivity esti-
mates. For example, at the Trail Center site, the hydrau-
lic conductivity determined for the gray limestone
aquifer by aquifer testing was 1,200 ft/d (table 9, map
no. 42). However, horizontal hydraulic conductivity
determined from analysis of three core plugs taken
from the aquifer at the site averaged only 23 ft/d
(table 10, wells MO-185 and MO-187). This discrep-
ancy isdueto alarge scale difference in the volume of
theaquifer measured. However, the core measurements

can be considered to indicate arange for the minimum
hydraulic conductivity within the gray limestone aqui-
fer because core plugs do not include large-scale pore
spaces.

Distribution of Transmissivity, Hydraulic
Conductivity, and Degree of Confinement

Flow-zone thicknesses determined by using
flowmeter logsin combination with analysis of aquifer
test dataindicatethat flow isconcentrated through thin,
high hydraulic conductivity zoneswithin thegray lime-
stone aquifer, forming a flow system that is partially
conduit in nature (fig. 24). Flow zones are usually only
5to 10 ft thick and are separated by intervals of low to
moderate hydraulic conductivity that can function as
semiconfining units within the aquifer. Only one flow
zone in the gray limestone aquifer was found at the
FAA Radar site, and its depth isfrom 23 to 28 ft below
land surface. A hydraulic conductivity value for the
aquifer at this site of 12,000 ft/d was cal culated based
on the thickness (25 ft) of the aquifer and the estimated
transmissivity (table 7, well C-1135 and table 9, map
no. 40). If the thickness of only the flow zoneis used,
the hydraulic conductivity would be much larger. At
the FAA Radar site, somevuggy porosity was observed
in core samples collected from this flow zone. Addi-
tionally, core recovery in well C-1135 (at the FAA
Radar site) for the interval 20 to 30 ft below land sur-
face was only 7 percent, compared to an average of 66
percent for the Ochopee Limestoneintervalsin all of
the continuous cores for which descriptions are given
in appendix I1. The poor recovery in this 10-ft interval
in well C-1135 could have resulted from large solution
openingsin the rock affecting its structural integrity
during coring. The high hydraulic conductivity of the
thin flow zone at the FAA Radar site is attributed to
sol ution openings, rather than the mol dic and intergran-
ular porosity common in the aquifer.

Flow zones tend to be devel oped in the lower
part of the gray limestone aguifer where the aquifer is
confined or semiconfined; for example, at the Big
Cypress Sanctuary and Trail Center sites (fig. 24) and
at the Noble's Road site (fig. 1 and table 1, well C-
1139). The upper part of the aquifer in these areasis
commonly poorly consolidated possibly due to poor
cementation.

Aquifer tests conducted during this study sug-
gest amuch higher upper limit for transmissivity than
previoudy reported for the gray limestone aquifer;
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Table 10. Core analysis data for limestone and quartz sandstone from the gray limestone aquifer

[Each analysisis of a 1- to 1.5-inch diameter plug taken from the depth or depth interval given, and the direction of permeability measurement was horizon-
tal. The upper limit of instrument for measaurement of permeability(greater than 20,000 millidarcies or 55 feet per day where noted) was exceeded because
of very high permeability or poor seat of sample with instrument. Annotations: ft, feet; mD, millidarcies; ft/d, feet per day; g/cm3, grams per cubic centime-
ter; >, greater than the value]

. . Permeability Hydraulic Grain
USGSlocal  Site name or other well Depth Porosity 1 o e
well number identifier (ft) (percent) 1o &y conductivity 3y
(mD) (ft/d) (g/cm®)
C-1141 Bear Idand-D 67.5 394 8,985 25 2.64
20-25 115 350 1.0 2.69
25-30 21.4 >20,000 >55 2.70
c-143 RD (FAA Radar) 30-35 95 5,888 16 2.70
50 - 58° 27.2 2,767 7.6 2.64
C-1166 Bear Island-2 28-43 37.3 12,277 35 2.70
109.6 43.3 >20,000 >55 2.69
C-1169 BSC-1 130 35.8 1,593 44 2.72
138.2 26.0 253 7 2.73
44 41.7 >20,000 >55 2.75
51 32.2 2,873 7.9 2.76
C-1183 Baker’s Grade 56.3 31.9 366 1.0 2.72
66 40.9 16,172 44 2.68
76 35.2 10,203 28 2.67
104 38.7 10,802 30 2.70
G-3301 DAC-10C 112 Unsuitablé 6,249 17 2.69
118.5 Unsuitablé 10,211 28 2.68
G-3671 B-1, L-30 128.0 20.7 512 1.4 2.76
G-3673 B-2B, L-31 127.5 35.0 15,241 42 2.77
G-3674 B-3 Miami Canal 134.9 22.6 1,914 5.2 2.68
140.2 24.2 1,316 3.6 2.68
HE-1110 L-3 Deep 55 - 60 29.8 >20,000 >55 2.68
140 - 145 33.9 743 2.0 2.68
MO-184 Golightly 72 -82 30.2 2,265 6.2 2.72
70 - 80 38.7 13,107 36 2.69
MO-185 Tes 80 - 90 45.1 7,520 21 2.69
MO-186 TC-6 130 - 138 16.7 189 .5 2.69
MO-187 TC-7 58-73 35.6 4,192 12 2.75
73-80 35.8 >20,000 >55 2.70
84.9 24.8 Unsuitablé Unsuitablé 2.75
PB-1704 Sod Farm 89.7 39.9 16,702 46 2.72
171.3 41.9 1,648 4.5 2.66

INot corrected for Klinkenberg effect.

2Calculated from measured air permeability value using factor of 1 mD equal to 0.00274 ft/d.
3Sample taken from just below the base of the gray limestone aquifer.

4Sample unsuitable for porosity measurement.
5Sample unsuitable for permeability measurement.
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transmissivity isashigh as 300,000 ft2/d (table9, map

no. 40). A transmissivity distribution map of the gray
limestone aquifer was constructed (fig. 28) by using
transmissivity values determined from aquifer tests
(tables8 and 9) and transmissivity values estimated at

test corehole sites where no aguifer tests were per-
formed. These latter transmissivity estimates repre-

sent a “synthetic” value. They are based on aquifer
thickness, written core descriptions, flowmeter log
data, depth to the top of the aquifer, and the location of
the site with respect to the regional depositional set-
ting.

The transmissivity distribution map shows two
large areas with transmissivity greater than
50,000 f&/d, both of which extend in a southeast
direction (fig. 28). One area extends through southern
Hendry County into west-central Broward County
and has a transmissivity as high as 125,000; fthe
second area extends from west-central Collier through
eastern Collier County to northern Monroe County
with a transmissivity as high as 300,000kt The ori-
entation of these areas of higher transmissivity could
be related to a depositional trend for the Ochopee
Limestone. Areas where transmissivity is less than
50,000 f&/d occur in southern Palm Beach County,
northern and east-central Broward County, most of
Miami-Dade County, and parts of Hendry County
(fig. 28).

Alternatively, in the area of higher transmissiv-
ity extending through eastern Collier County, high
values could be related to the structural position of
the aquifer. In this area, the top of the aquifer is close
to land surface and the upper confining unit is usually
thin (less than 20 or 30 ft thick) or absent (fig. 22). At
the Bear Island Campground and FAA Radar sites in
this area, where the upper semiconfining unit is 21 ft
thick or less, aquifer tests and long-term water-level
data indicated the gray limestone aquifer is uncon-
fined (fig. 28, map nos. 38 and 40). High hydraulic
conductivity in the aquifer in this area could be, in
part, related to greater rates of recharge of meteoric
waters to the aquifer than in areas where the aquifer
is buried more deeply and is better confined. Greater
recharge rates could enhance carbonate dissolution in
the aquifer.

A review of the hydraulic conductivity esti-
mates (tables 8 and 9) and their location (fig. 23) indi-
cate a general increase from east to west in hydraulic
conductivity. A transect of aquifer tests along Alliga-
tor Alley illustrate this increase; hydraulic conductiv-
ity increases from 590 ft/d in central Broward County
(fig. 23, map no. 21) to about 1,000 ft/d near the
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Broward-Callier County line (map nos. 23, 24, and 39), MO-178), and Doerr's Lake site (fig. 1, well C-1137).

to 2,000 ft/d at the Alligator Alley East site (map Some confinement between these aquifers is suggested
no. 41), and to 4,000 ft/d at the Bear Island Camp- on the basis of lithology, analysis of core samples, anal-
ground sitein central Collier County (mapno. 38). The  ysis of aquifer test and flowmeter data, and changes in
lowest hydraulic conductivity estimates range from water quality and hydraulic head.

148 to 523 ft/d, and these conductivities occur in At the Bear Island Campground site, the semi-

Miami-Dade County near the eastern limit of the gray confining unit between the gray limestone and the
limestone aquifer (map nos. 28-32) and along the Bro-  underlying sand aquifer is about 14 ft thick and consists
ward-Palm Beach County line (map no. 20). An east- of very fine sand (fig. 24). Disparate conditions exist

to-west shallowing of the depositional profile of the between the two aquifers, as indicated by water-quality
Ochopee Limestone carbonate ramp contributestothis ~ and water-level data collected on August 28, 1998.
spatial trend in hydraulic conductivity. Chloride concentration was 61 mg/L (milligrams per

liter), in water from the gray limestone aquifer and
840 mg/L in water from the sand aquifer. The water
level in the gray limestone aquifer was about 0.6 ft
below that in the sand aquifer. Numerical analysis of
multiwell aquifer test data at this site (table 9) indicated
that this semiconfining unit has a vertical hydraulic
yonductivity of 0.3 ft/d.

At some sites, the only confinement between the
two aquifers could be a thin layer or layers of dense
limestone or sandstone that are less than 1 ft thick. At
the Trail Center site in northern Monroe County (fig. 1,
well MO-178), the base of the gray limestone aquifer

as penetrated at a depth of 126 ft below land surface.

ore plug analysis of a sample of dense limestone
ecovered between the depths of 130 to 135 ft below
and surface in well MO-186 (an offset monitoring well
at the site) produced a horizontal hydraulic conductiv-
ity of about 0.5 ft/d; vertical hydraulic conductivity
could be considerably less. Additional support for
some confinement at the base of the aquifer at this site
was provided by flowmeter log data collected in the
est corehole; these data indicated there is a vertical
barrier to flow between the depths of 110 to 130 ft
below land surface.

L eakance, which isthe vertical hydraulic con-
ductivity of the confining unit divided by its thickness,
can be used to provide an indication of the degree of
confinement of the aquifer. For purposes of this discus-
sion, an aguifer is considered to be well confined, or
have “good confinement,” if leakance was less than
1.0x 10° 1/d. Sites where leakance was determined b
aquifer testing to be less than ¥.00°3 1/d or the
behavior of the aquifer was described as confined or
well confined (tables 8 and 9) are shown in figure 29.
These sites are located in southern Hendry County,
western Broward County, and central Miami-Dade
County and are in areas where the thickness of the co
fining unit approaches or is more than 50 ft. However,
confining bed thickness did not necessarily prove to b
a determinant of confinement. For example, the
reported leakance at a site in central Hendry County
(fig. 29 and table 8, map no. 1) was 8.60" 1/d, but
the thickness of the upper confining unit is only 18 ft.
Applying the 50-ft thickness criteria, areas where the
aquifer should also be well confined include northeas
ern Collier County, south-central and southwestern
Palm Beach County, and west-central and southern
Miami-Dade County (fig. 29). A leakance value of
1.0x 102 1/d multiplied by a confining unit thickness
of 50 ft gives an average vertical hydraulic conductiv-Water Levels and Hydraulic Gradient
ity of 0.05 ft/d. Review of leakance data and confining
unit thickness (table 8 and fig. 29) indicates that the
average vertical hydraulic conductivity is often less
than this value in areas where the aquifer is well con-
fined. A hydraulic conductivity of 0.05 ft/d is in the
“very low” category as defined by Fish (1988), and

Continuous ground-water levels were measured
in the gray limestone aquifer in September 1998 from
five wells at five sites (fig. 30). Four of the wells were
at the sites where multiwell aquifer tests were con-
ducted (fig. 23, map nos. 38-40 and 42), and the other
lithologies in this category include clay, silt, and lime we_II was at th_e Noble's Farm site (fig. 23, map no. 37).
mud (Fish, 1988, table 8) T A tidal effect is apparent in wells at the Big Cypress

' ’ ' Sanctuary (fig. 23, map no. 39) and Trail Center site

In some areas, the unnamed formation below théfig. 23, map no. 42) where the gray limestone aquifer is
gray limestone aquifer contains a sand aquifer (figs. 12onfined to semiconfined. The tidal signal is expressed
and 13), and some degree of confinement separatingby two small daily peaks. The pronounced drops (0.1 ft
the two aquifers exists. This is true in parts of Collier or more) often occurring each day during the afternoon
County, for example at the Bear Island Campground at the Bear Island Campground site (fig. 23, map no. 38)
site (fig. 1, well C-1141), Trail Center site (fig. 1, well could be caused by evapotranspiration.
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Water-level measurements of wellscompletedin
the gray limestone aquifer were used to construct a
synoptic potentiometric map showing hydrol ogic con-
ditionsfor September 29, 1998 (fig. 31), whichisclose
to the peak of the wet season (June through October).
All but 4 of the 53 wells used to construct this map
were measured on September 29, 1998. Two were mea-
sured on October 3, 1998, and two were estimated on
the basis of the average late September 1986-95 levels.
Discrete water-level data collected for the synoptic
map are provided in table 11. For the purpose of com-
parison with the level in the gray limestone aquifer,
water levels (at some sites) also were measured at the
same time in the water-table agquifer and nearby
surface-water stations on canals (table 11).

Water levelsin the gray limestone aquifer ranged
from as much as 26 ft above sealevel in the far north-
western part of the study areain central Hendry County
tolessthan 4 ft above sealevel in coastal areasin Collier,
Monroe, and Miami-Dade Counties (fig. 31). The direc-
tion of ground-water flow isto the south or southwest in
part of southern Hendry County, most of Collier County,
Monroe County, and western Miami-Dade County.
Farther east in central Miami-Dade County, most of Bro-
ward County, and parts of eastern Collier and Hendry
Counties, flow isto the east or southeast. Potentiometric
surface contours form alarge southeast plunging nose
that extends from southern Hendry County to the east
and southeast into Broward and Miami-Dade Counties
and asmall part of Palm Beach County.

The major recharge area for the aquifer isin cen-
tral and southern Hendry County, some of whichis
north of the study area. In the major recharge areathe
potentiometric surface and land-surface elevation are
high, and most recharge occurs where the upper confin-
ing unitisthin or absent (fig. 29). Comparison of water
levels measured in the overlying water-table aquifer to
the level measured in the gray limestone aquifer at the
same site gives an indication whether there is potential
for recharge (level in water-table aquifer is higher than
level in the gray limestone aquifer) or discharge (level
in water-table aquifer is lower than level in the gray
limestone aquifer) to occur. In Hendry and northwestern
Collier Counties, potential recharge wasindicated at all
five sites where both levels were measured on Septem-
ber 29, 1998. At these sites, the water level in the gray
limestone aguifer ranged from 0.40to 1.30 ft lower than
the level in the water-table aquifer (table 11).

Areas of potential discharge were indicated to
occur in eastern Collier, Broward, and Miami-Dade

Counties on September 29, 1998. In this area, water
levelsin both the water table and gray limestone aqui-
ferswere measured at 12 sites, with dischargeindicated
at 9 of these sites. Thewater level at theninesitesinthe
gray limestone aquifer ranged from 0.09 to 2.15 ft
higher than the water level in the water-table aquifer
(table 11). Of the remaining three sites, two were
located at the boundary of areas of impounded surface
water where the level in the water table aquifer would
be expected to be artificially elevated.

The area with the highest potentiometric gradi-
ent inthe study areaisin eastern Hendry County just to
thewest of the L-2 and L-3 Canals (figs. 3and 31). The
gradient here is as steep as 3 ft/mi (feet per mile). This
area coincides with a physiographic unit boundary
between the Sandy Flatlands and the Everglades
(fig. 3). It also generally coincides with adecreasein
transmissivity of the gray limestone aquifer from west
to east (fig. 28). The area with the lowest gradient
occurs in the water-conservation areas of western Bro-
ward and northwestern Miami-Dade Counties (fig. 3)
wherethegradientisaslow as 0.1 ft/mi. The hydraulic
head of impounded surface water in the water-conser-
vation areas could affect water levels with the gray
limestone aquifer. This effect is suggested by the
increasein gradient to as much as 0.3 ft/mi south of the
water-conservation areas in Miami-Dade County
(fig 31; south of Tamiami Canal).

Water-level datameasured in the gray limestone
aquifer were reviewed to determine if the postulated
fault in northeastern Collier County (fig. 15) had any
effect. No change in hydraulic head is apparent across
the mapped position of the fault as shown by potentio-
metric-surface contours (fig. 31). However, somelocal
water-level data were collected at the Noble’s Road site
(fig. 1, well C-1139) through which the postulated fault
is mapped and some anomalous differences in water
levels were found. Water-level data were collected
from wells C-1184 and C-1185 at the Noble’s Road
site; the water level was simultaneously measured in
well C-1173, which is about 2,500 ft south of the
Noble’s Road site (table 11). These data, collected on
March 25, 1999, indicated that the water level mea-
sured in well C-1185 on the downthrown side of the
fault (fig. 17) was almost 1 ft higher than the water lev-
els measured in wells C-1184 and C-1173, both on the
upthrown side of the fault. Additionally, the local
water-level gradient direction indicated by these three
wells is to the west, whereas the regional gradient is to
the south-southeast (fig. 31).
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Figure 31. Configuration of the potentiometric surface of the gray limestone aquifer on September 29,1998.
Water-level data used are given in table 11.
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Table 11. Ground- and surface-water-level data collected during this study

[Well locations shown in figure 31 or figure 1 directly, or indirectly with reference to tables 1 and 2. NAVD of 88, North American Vertical Datum of 1988.
Surface-water-level measurements at a site were made at about the same time as the ground-water-level measurements. Aquifer designations: GL, gray lime-
stone or lower Tamiami; SS, sandstone; WT, water table. Other abbreviations: USGS, U.S. Geological Survey; ND, not determined; NM, not measured]

Differential of

Site  Local num- ﬁ:tézjsdi;f DS Cf Ilic??):zhcooll-r DEUN v’?/lattitel;citvc;fl g;?;:gﬁzt\?er;e Aquifgr olseer?tiZtoefr—
No. ber ment point co_IIec— and min- water NAVD of 88 above (+) or open in val
NAVD of 88 tion utes) (feet) (feet) below (-) w‘ater- well (feet)
(feet) table aquifer
level
C-131 28.34 09-29-98 12:35 4.94 23.40 GL 22-54
! C-1074 28.63 09-29-98 12:30 4.23 24.40 SS 100-130
2 C-296 16.81 09-29-98 11:00 5.94 10.87 GL 8-45
3 C-495 8.69 09-29-98 9:45 3.60 5.09 GL 8-70
4 C-966 26.64 09-29-98 12:00 8.10 18.14 GL 30-40
5 C-986 19.05 09-29-98 11:30 5.33 13.72 GL 28-40
6 C-995 5.83 09-29-98 10:15 219 3.64 GL 28-37
7 C-1071 21.65 09-29-98 11:45 5.32 16.33 GL 20-35
C-1076 32.77 09-29-98 14:00 5.07 27.70 Unknown  65-85
8 C-1075 32.10 09-29-98 14:10 3.04 29.06 WT 8-28
9 C-1142 19.09 09-29-98 8:58 4.73 14.36 GL 60-100
10 C-1145 12.09 09-29-98 10:21 5.18 6.91 GL 10-32
C-1148 12.09 09-29-98 9:45 4.28 7.81 0.01 GL 40-70
1 C-1149 12.09 09-29-98 9:38 4.29 7.80 WT 9-29
12 C-1150 6.50 09-29-98 10:37 111 5.39 GL 25-45
13 C-1165 15.28 09-29-98 11:43 152 13.76 GL 24-58
14 C-1169 16.90 09-29-98 85 4.07 12.83 GL 77-137
C-1173 14.48 09-29-98 11:00 1.09 13.39 77 GL 65-115
C-1174 14.54 09-29-98 10:59 193 12.61 WT 15-25
15 C-1173 14.48 03-25-99 9:25 3.05 11.43 .63 GL 65-115
C-1174 14.54 03-25-99 9:27 3.75 10.79 WT 15-25
16 C-1179 15.98 09-29-98 911 0.88 15.10 GL 58-83
17 C-1181 15.26 09-29-98 8:42 1.68 13.58 GL 61-91
18 C-1182 14.25 09-29-98 11:14 2.02 12.23 GL 75-125
19 C-1183 17.30 09-29-98 9:56 247 14.83 GL 41-71
C-1184 16.40 03-25-99 9:44 4.98 11.42 GL 75-115
20 C-1185 16.32 03-25-99 9:48 3.99 12.33 GL 115-145
21 G-2338 19.30 09-29-98 11:45 8.71 10.59 GL 151-161
2 G-2907 17.14 09-29-98 12:15 6.56 10.58 -0.02 GL 91-101
G-2908 17.19 09-29-98 12:16 6.59 10.60 WT 4-14
S-140 pumping station, tail water side 10.60 Surface water
23 G-2909 16.20 09-29-98 10:36 4.67 11.53 .19 GL 90-100
G-2910 16.51 09-29-98 10:33 517 11.34 WT 10-20
S-8 pumping station 111.00 Surface water
Wells are on head water side of S-8 but close to tail water side
24 G-2911 17.16 09-29-98 12:38 7.24 9.92 GL 100-115
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Table 11. Ground- and surface-water-level data collected during this study (Continued)

[Well locations shown in figure 31 or figure 1 directly, or indirectly with reference to tables 1 and 2. NAVD of 88, North American Vertical Datum of 1988.
Surface-water-level measurements at a site were made at about the same time as the ground-water-level measurements. Aquifer designations: GL, gray lime-
stone or lower Tamiami; SS, sandstone; WT, water table. Other abbreviations: USGS, U.S. Geological Survey; ND, not determined; NM, not measured)]

Differential of
Altitude of gray limestone

Time of col- Altitude of . . Depth of
Site  Local num- measurg- 20 lection (hour D water level OGS Aqugr open inter-

No. ber ment point co'llec— and min- water NAVD of 88 above (+) or open in val

NAVD of 88 tion utes) (feet) (feet) below (-) W‘ater— well (feet)

(feet) table aquifer
level

25 G-3295C 8.64 09-29-98 9:04 0.29 8.35 21 GL 127-130
G-3295A 8.53 09-29-98 9:00 .39 8.14 WT 17-20

%6 G-3296C 11.49 09-29-98 11:26 3.16 8.33 .09 GL 144-144
G-3296A 10.33 09-29-98 11:28 2.09 8.24 WT 20-20

7 G-3302C 10.81 09-29-98 8:30 2.80 8.01 -.24 GL 120-123
G-3302A 10.54 09-29-98 8:27 2.29 8.25 WT 14-14

S-333, west side of structure 8.60

28 G-3303C 9.31 09-29-98 10:56 2.75 6.56 18 GL 127-130
G-3303A 9.51 09-29-98 10:51 313 6.38 WT 20-20
S-333, east side of structure 6.00 Surface water

29 G-3309C 6.41 09-29-98 10:07 37 6.04 -.63 GL 127-130
G-3309A 6.99 09-29-98 10:05 32 6.67 WT 20-20
L-67 Extension (canal on west side of levee) 6.52 Surface water

20 G-3310C 573 10-03-98 9:36 .02 571 -.04 GL 130-133
G-3310A 5.86 09-29-98 12:07 A2 5.74 WT 19-19

” G-3311D 6.69 09-29-98 13:07 207 4.62 .50 GL 157-160
G-3311A 6.87 09-29-98 13:04 2.75 412 WT 20-23

3 G-3314C 511 09-29-98 10:47 1.64 347 21 GL 187-190
G-3314A 5.08 09-29-98 10:45 181 327 WT 27-30

3 G-3317C ND 09-29-98 9:53 71 Unknown GL 147-150
G-3317D ND 09-29-98 9:49 .57 Unknown WT 8-28

u G-3318C 522 09-29-98 8:54 1.79 343 -0.19 GL 158-161
G-3318A 547 09-29-98 851 1.85 3.62 WT 23-23

35 G-3394B 4.27 10-03-98 13:15 0.06 421 GL 110-145
362 HE-855 28.80 09-29-98 9:51 2.88 25.92 -.51 GL 70-90
HE-856 28.32 09-29-98 9:50 1.89 26.43 WT 6-11
37 HE-859 27.75 See footnote 3 22.70 GL 58-59
382 HE-861 16.54 NM GL 37-70
HE-862 15.71 09-29-98 11:33 458 11.13 WT 7-10
39 HE-868 20.71 See footnote 3 19.60 GL 84-97
402 HE-884 19.48 09-29-98 11:51 4.24 15.24 GL 62-67

P HE-1037 26.21 09-29-98 9:20 1.98 24.23 -.48 GL 70-120
HE-1036 25.34 09-29-98 9:19 .63 24.71 WT 5-10
422 HE-1042 21.77 09-29-98 10:29 117 20.60 GL 40-80

. HE-1063 17.04 09-29-98 11:57 .08 16.96 .00 GL 78-123
HE-1062 16.96 09-29-98 11:56 .00 16.96 WT 5-10

442 HE-1075 14.76 09-29-98 12:45 4.88 9.88 GL 135-155
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Table 11. Ground- and surface-water-level data collected during this study (Continued)

[Well locations shown in figure 31 or figure 1 directly, or indirectly with reference to tables 1 and 2. NAVD of 88, North American Vertical Datum of 1988.
Surface-water-level measurements at a site were made at about the same time as the ground-water-level measurements. Aquifer designations: GL, gray lime-
stone or lower Tamiami; SS, sandstone; WT, water table. Other abbreviations: USGS, U.S. Geological Survey; ND, not determined; NM, not measured)]

Differential of

Site  Local num- ﬁ:téijsduer;f 20 Ilicr:izr?zhcoot:-r D vAv:attig;c:gvc; g;zt:lfr:relset\?enle Aquifgr olp?eer?tirr]ltc:afr-
No. ber ment point co'IIec— and min- water NAVD of 88 above (+) or open in val
NAVD of 88 tion utes) (feet) (feet) below (-) w‘ater— well (feet)
(feet) table aquifer
level
HE-1111 14.51 09-29-98 11:48 3.85 10.66 GL 38-118
4 HE-1110 ND 09-29-98 11:42 3.05 GL 4146-156
L-3 canal 14.30 Surface water
MO-182 11.21 09-29-98 9:05 3.90 7.31 a2 GL 93-118
46 MO-183 8.75 09-29-98 9:10 1.56 7.19 WT 13-23
MO-187 10.95 09-29-98 9:13 3.64 7.31 GL 70-80
47 MO-184 8.93 09-29-98 14:24 3.15 5.78 GL 30-80
48 PB-1703 16.84 09-29-98 9:43 7.55 9.29 GL 75-85
G-200 pumping station 8.90! Surface water
49 PB-1704 10.96 09-29-98 8:42 3.95 7.01 GL 82-112
50 PB-1705 15.25 09-29-98 8:06 5.86 9.39 -13 GL 86-96
PB-1706 15.25 09-29-98 8:12 5.73 9.52 WT 6-16
S-7 pumping station, head water side 9.8-10.1 Surface water
- OBSIN 61285 09-30-99 14:30 144 114 22 GL 65-140
WTIN 6125 09-30-98 14:57 3.24 9.3 WT 5-8
769 MW-2 09-29-98 8:00 12.40 -0.40 GL 63-120
MW-4 09-29-98 10:00 12.80 WT 10-20
53 MW-3 09-29-98 12:00 13.40 GL 78-100
74 MW-3D 09-29-98 10:00 16.00 -1.30 GL 70-100
MW-3S 09-29-98 6:00 17.30 WT 20-30
55 MW-5 09-29-98 9:00 12.10 GL 70-100
56 MW-35 09-29-98 9:00 14.20 GL 63-102
57 MW-50 09-29-98 10:00 15.20 GL 63.5-105
58 DW-W 09-29-98 10:00 17.00 GL 78-120.6

LAverage of head water and tail water.

2Water-level data collected by South Florida Water Management District.

SAltitude of water level is average of end of September values from historical data for the 1986-95 period.

4Depth of bentonite seal above screen in well not known.

SSite 51 is on the Miccosukee Indian Reservation at the north aquifer test site (Murray-Milleson, 1989). Site locationsis shown in
figure 23 (map no. 16).

SEstimated usi ng topographic map and measurement of top of casing height above ground surface, accurate to only 1 or 2 feet.

’Sites 52 to 58 are on the Seminole Big Cypress Indian Reservation. The water-level altitudes were read from continuous chart records.
Sitelocations are shown in figure 31, except for site 58 which is at site 43.
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Water Quality

Field-measured specific conductance data were
collected to help delineate the water-quality variations
within the gray limestone aquifer and to gain an under-
standing of the ground-water flow patterns. A plot of
therelation between fiel d-derived specific conductance
and chloride concentration for water samples collected
from 60 wells completed in the gray limestone aquifer
was constructed by using data given in table 12
(fig. 32). A least-sguares linear relation with a coeffi-
cient of determination of 0.88 was obtained; using this
relation, a specific conductance of about 1,500 puS/cm
(microsiemens per centimeter) approximately equals a
chloride concentration of 250 mg/L . Water that is dom-

inated by chloride ions has been shown to have a spe-
cific conductance/chloride concentration ratio of about
3:1 (Schiner and others, 1988), whereas water from the
gray limestone aquifer has aratio of 4:1 or higher

(fig. 32). The higher ratio for gray limestone aquifer
water is due to increased mineralization of the water,
probably because of long residencetime of thewater in
the aquifer. Water from the gray limestone aquifer con-
tains calcium, sodium, bicarbonate, potassium, magne-
sium, and sulfate ions at a milliequivalent ratio to
chloride higher than that found in seawater (Howie,
1987, fig. 6, Stiff diagrams). The samples with higher
chloride concentration—greater than 200 or 250 mg/L -
indicate the presence of connate water.

Table 12. Selected water-quality data from the gray limestone and sand aquifers
[Well locations shown in figure 33 or figure 1 directly, or indirectly with reference to tables 1 and 2. mg/L, milligrams per liter; pS/cm, microsiemens per

centimeter; --, not available or not measured; ?, depth of casing unknown)

. Specific Specific oept O\Iacl)ri)r?n ner Dder}iolfihn;Jf Depth of gray e
Ioléasl(?/vsell Sampling Chloglgr?_con- condgctance conductance completed well sample (fzte?nbeeﬁ)qvtnlfr:d
date . field lab (feet below land  (feet below
number tration (mg/L) (uSlem) (uSfem) surface) land surface)
Top Bottom surface) Top Bottom
Gray Limestone Aquifer

c-131% 10-27-86 80 878 - 22 54 20 80
C-296 10-19-92 160 1,740 - 45 2g 255
C-495 10-19-92 16 370 -- 70 25 290
C-966 10-21-92 18 530 -- 30 40 25 255
C-986 10-19-92 46 620 -- 28 40 210 2115
C-1071 10-21-92 40 582 - 20 35 210 290
C-11428 09-02-98 150 1,900 1,760 60 100 58 100
C-11458 08-27-98 12 526 456 10 32 18 53
C-1148° 08-28-98 20 697 678 40 70 25 82
C-1150° 08-28-98 16 574 554 25 45 2 53
C-1165°8 08-28-98 61 931 967 24 58 21 71
C-1169° 08-31-98 120 1,170 1,130 77 137 75 139
c-11738 09-02-98 150 1,900 1,750 65 115 65 115
c-1179° 09-02-98 67 1,060 994 53 83 55 144
c-11818 08-31-98 170 1,100 1,090 61 91 42 99
C-1182°8 08-31-98 240 1,550 1,510 75 125 74 122
C-1183° 09-01-98 120 1,150 1,110 41 71 41 83
C-1184 01-18-99 200 1,323 1,670 75 115 73 118
C-1185 01-06-99 195 1,437 1,520 115 145 91 146
C-1185 01-18-99 - 1,485 - 115 145 91 146
G-23114 05-27-81 870 3,560 -- 149 138 163
G-23124 05-28-81 165 1,230 -- 159 105 170
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Table 12. Selected water-quality data from the gray limestone and sand aquifers (Continued)

[Well locations shown in figure 33 or figure 1 directly, or indirectly with reference to tables 1 and 2. mg/L, milligrams per liter; uS/cm, microsiemens per
centimeter; --, not available or not measured; ?, depth of casing unknown)

Depth of open inter- Depth of Depth of gray lime-

|0l;;5|(\3,\,s;” Sampling Chlo(l;i;jr(]e-con- coﬁgszltfalﬁce coﬁgsgltg:lce Comr\illilttlér& well S;ITI\LI;QG (fzganﬁ)q\,:,“f:;d
number date tration (mg/L) field L (feet below land  (feet below surface)
(uS/cm) (uS/cm) surface) land
Top Bottom surface) Top Bottom

G-2313* 06-01-81 360 2,100 = 119 42 155
G-23144 06-02-81 200 1,700 -- 129 40 155
G-2315% 06-04-81 1,250 4,330 = 159 116 192
G-2316% 06-05-81 118 1,095 -- 149 93 158
G-2319% 06-12-81 550 2,750 -- 149 113 166
G-2320% 06-16-81 345 2,000 -- 129 85 168
G-23214 06-18-81 125 1,100 = 159 149 161
G-2329* 07-10-81 145 1,240 -- 129 73 137
G-2330% 07-14-81 327 2,050 = 129 63 167
G-2338* 07-15-81 200 1,600 -- 149 97 154
G-2340% 07-16-81 230 1,575 -- 119 60 147
G-2346% 08-05-81 245 1,650 -- 120 57 128
G-29073 09-03-98 160 1,320 1,270 90.6 101 260 2180
G-2909t 08-25-94 803 3,510 3,410 90 100 240 2135
G-2911* 10-04-96 260 51,560 - 100 115 %85 2175
G-3294C 06-08-84 300 1,360 1,470 147 150 138 179
G-3295C 09-09-98 45 908 876 127 130 57 135
G-3296C 09-09-98 60 1,003 943 6144 70 174
G-32974 09-14-83 205 1,210 = 140 121 147
G-3208* 09-21-83 46 620 -- 170 140 166
G-3301%4 05-25-83 40 640 = 150 72 152
G-3301C 06-01-64 35 797 -- ? 130 72 152
G-3302C 09-09-98 63 920 776 120 123 79 138
G-3303C 09-09-98 150 982 959 127 130 91 160
G-3304C 04-06-84 42 646 = 127 130 119 144
G-3305C 07-16-84 51 686 -- 117 120 105 132
G-3308C 06-06-84 39 585 = 127 130 111 160
G-3309C 09-09-98 35 855 850 127 130 100 138
G-3310C 09-09-98 15 370 373 130 133 153 182
G-3311D 09-09-98 19 485 477 157 160 135 174
G-3314C 09-09-98 16 391 386 187 190 181 210
G-3317C 11-14-84 2,000 4,020 -- 147 150 84 153
G-3318C 09-09-98 830 2,980 2,780 158 161 132 166
HE-855 10-20-92 82 760 -- 70 90 240 290
HE-859 10-20-92 58 791 == 70 90 245 2130
HE-861 10-20-92 48 562 -- 37 70 25 2185
HE-868! 10-31-86 135 1,043 = 84 97 95 2140
HE-1021% 10-06-86 158 1,253 -- Unknown (lower Tamiami aquifer) 40 140
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Table 12. Selected water-quality data from the gray limestone and sand aquifers (Continued)

[Well locations shown in figure 33 or figure 1 directly, or indirectly with reference to tables 1 and 2. mg/L, milligrams per liter; uS/cm, microsiemens per
centimeter; --, not available or not measured; ?, depth of casing unknown]

Depth of open inter- Depth of

Depth of gray lime-

. Specific Specific val in drillin 4
|og§|?,\,s;” Sampling Chlo(r:fr(]e-con— cong_uctance conguctance completed well Samp|ge (fzte(inb(z%q\,:,“f:;d
number date tration (mg/L) field L (feet below land  (feet below surface)

(uS/cm) (uS/cm) surface) land
Top Bottom surface) Top Bottom
HE-1037 10-20-92 94 980 — 70 120 75 120
HE-1042 10-21-92 125 1,270 - 40 80 40 75
HE-1054 10-29-87 98 1,100 — 30 100 55 140
HE-1063 10-20-92 164 1,276 -- 78 123 78 124
HE-1075 10-19-92 580 2,990 == 135 155 62 156
HE-11113 08-29-98 54 620 605 38 118 35 148
HE-1112 01-05-99 40 808 813 50 80 46 80
HE-1113 12-30-98 26 742 785 35 50 35 50
HE-1114 12-30-98 32 694 732 67 82 65 85
HE-1115 03-10-99 215 1,445 1,660 105 120 105 125
HE-1116 03-26-99 200 1,320 1,530 140 150 47 152
HE-1117 03-26-99 80 831 960 50 80 47 152
MO-180 06-18-97 160 1,222 — 95 120 438 126
MO-1843 08-28-98 19 605 541 30 80 0 85
MO-187 01-13-98 55 840 841 70 80 438 126
MO-188 03-02-98 -- 1,800 -- 89 114 48 126
MO-1883 08-27-98 200 1,290 1,260 89 114 48 126
PB-840 12-19-74 1,100 4,300 -- 84 260 260 2160
PB-1428* 07-01-81 1,700 6,250 — 159 135 162
PB-17033 08-29-98 66 795 780 75 85 80 92
PB-17043 08-29-98 270 2,680 2,800 82 112 73 172
PB-1705°3 09-03-98 150 1,280 1,220 86 96 2110 2170
Sand Aquifer or Deeper

C-11413 08-28-98 840 3,520 3,540 88 108 Sand aquifer
C-11433 08-28-98 57 1,020 1,010 180 200 Sand aquifer
C-11443 08-27-98 41 e 757 120 130 Sand aquifer
C-11643 09-02-98 95 979 915 48 253 Sand aquifer
c-11778 08-28-98 219 987 1,990 143 168 Sand aquifer
MO-1783 08-27-98 30 825 745 412 452 Arcadia Formation

INon-U.S. Geological Survey sample.
“Contact estimated from contour map to the nearest 5 feet.
3Analysisalso included color, dissolved-solids concentration, pH, total alkalinity, all major ions, and low-level nutrient analysis (all phosphorous and

nitrogen species). This additiona datais archived in the USGS water-quality data storage and retrieval database (QWDATA).
4Sampled collected while drilling with reverse-air rotary method.
5Specific conductance calculated from chloride concentration value using relationship shown in figure 32.
6Cased to total depth.
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Regression equation Y = 3.51 * X + 643, where Y = specific conductance and

Number of data points used = 60
Coefficient of determination, R-squared = 0.88

X = chloride concentration
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Figure 32. Relation between chloride concentration and field specific conductance for water
samples collected from wells completed in the gray limestone aquifer.

In astudy of the chemical characteristics of
water in the surficial aquifer system in Broward
County, sampleswere collected at 10-ft intervalswhile
drilling with the dual-tube reverse-air method; results
indicated that specific conductance in the gray lime-
stone aquifer usually increases with depth (Howie,
1987). Based on these data, the increase in specific
conductance with depth in the aquifer was sometimes
abrupt, such asin wells G-2313 and G-2314 located
along the Broward/Palm Beach County linein north-
western Broward County. For example, in well
G-2313, specific conductance increased from 640 to
5,800 uS/cm with depth in the aquifer, which extends
from 42 to 155 ft below land surface. The increase was
not gradual but occurred abruptly at the depths of about
110 and 130 ft where specific conductance nearly
doubled.

The sudden increases in specific conductance
with depth that occur in the gray limestone aquifer

probably are related to the presence of semiconfining
layers contained within the aquifer. These units proba-
bly retard downward seepage of recharged meteoric
water and the dilution of connate water in the lower
part of the aquifer. For example, at the Trail Center site
(fig. 1, well MO-178) where the aquifer isinterpreted
to occur at depths of between 48 and 126 below land
surface (fig. 24), poorly permeable limestone contain-
ing a carbonate mud-rich matrix occurs at depths of
between 80 and 96 ft below land surface and servesto
divide the aquifer into upper and lower permeable
intervals. Wells MO-187 and MO-188 at this site have
screened intervals at depths from 70 to 80 ft and 89 to
114 ft below land surface, respectively, which are
effectively above and below this poorly permeable
layer (fig. 26). Samples collected from these wells
showed that specific conductance from the shallow
well was less than half that in the deep well (table 12).
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Water from wells MO-187 and MO-188 had specific
conductances of 840 and 1,800 uS/cm, respectively.

Although these semiconfining units within the
aquifer serveto stratify water, they do not necessarily
cause differences in head within the aquifer during nat-
ural or stressed hydrologic conditions. At the Trail Cen-
ter site, water levelsinwellsMO-187 (70 to 80 ft below
land surface) and MO-182 (93 to 118 ft below land sur-
face) wereidentical on September 29, 1998. Analysisof
drawdown data from the gray limestone aquifer test at
the Trail Center site gave approximately the sametrans-
missivity estimates for monitoring wells completed in
the upper and lower permeable intervals, even though
the production well (89 to 114 ft below land surface)
was open only in the lower interval (fig. 26).

The distribution of specific conductance within
the gray limestone aquifer principally during the wet
season (Junethrough October) was mapped (fig. 33) by
using field-measured specific conductance data
reported from 73 wells (table 12). A total of 63 of the
samples used were collected during the wet season, of
which 25 were from August 27 to September 9, 1998;
however, dry-season specific conductance valueswere
used for 10 wells dueto alack of available wet-season
data. Datafrom 17 wells were collected while drilling
with the dual-tube, reverse-air method (fig. 33); moni-
toring wells were not completed in the gray limestone
aguifer at these sites. For these 17 wells, an attempt was
made to choose a sampl e taken at a depth that was rep-
resentative of the whole aquifer. Because of the com-
partmentalization of the aquifer as discussed above,
this was difficult in some cases.

Several wells completed in the gray limestone
aquifer were sampled both during the dry season and
wet season, and, in most cases, the change in water
quality was not great. For example, well C-1165 at the
Bear Island Campground site (fig. 33) was sampled
during both periods, and specific conductance
decreased from 1,020 ps/cm on January 28, 1998, to
931 ps/cm on August 28, 1998.

Specific conductance of water from the gray
limestone aquifer in the study area varies widely,
but is generally less than 1,500 pS/cm in most areas
(fig. 33). High specific conductance (from 3,000 to
6,300 pS/cm) occurs in Palm Beach County; parts of
central and northern Broward County; and southwest-
ern Miami-Dade County. Low specific conductance
(less than 500 uS/cm) is found in south-central and
eastern Miami-Dade County and a small areawithin
western Collier County. Some of the local variations
may be the result of samples collected at different

depthswithinthe aquifer in nearby wells. For example,
in Palm Beach County, well PB-1704 was screened
over a 30-ft interval within the upper part of a 100-ft
thick aquifer, whereas the entire aquifer isopen in well
PB-840 located about 5 mi to the northwest of well
PB-1704. The specific conductance values are 2,700
and 4,300 uS/cm for wells PB-1704 and PB-840,
respectively (fig. 33). A semiconfining layer of low to
very low hydraulic conductivity was penetrated in well
PB-1704 at a depth of 110 ft below land surface within
the aquifer (appendix 1), which is about the depth of
the bottom of the screened interval.

Areas of high specific conductancein the gray
limestone aquifer are probably caused by confining
units, both above and within the aquifer, or alow poten-
tiometric surface gradient in the aquifer that causes
ground-water movement from distant recharge areasto
be slow. The areas of high specific conductance in
Palm Beach County and parts of northern Broward
County could result from both of these factors. The
easterly directed head gradient in these areasis very
low (fig. 31). The area of high specific conductancein
central to south-central Broward County, defined by
samples from wells G-2319 and G-2311 (fig. 33), dso
coincides with an area where the upper confining unit
thickness exceeds 50 ft (fig. 29). An area of higher spe-
cific conductance (greater than 1,500 uS/cm) that
extends from southern Hendry County to the southeast
through eastern Collier County and into southwestern
Broward County could also be attributed to confine-
ment above the aquifer. The upper confining unit is
greater than 50 ft thick in much of this area.

The areas of high specific conductance in Palm
Beach County and parts of northern Broward County
(fig. 33) could betheresult of seawater invasion during
the Pleistocene, followed by incomplete flushing of the
aquifer (Parker and others, 1955, p. 821). An area of
high chloride concentration (more than 500 mg/L) was
mapped in roughly the same area asthese areas of high
specific conductance for adepth interval from 51 to
100 feet (Parker and others, 1955; fig. 221C).

An areaof low specific conductance (less than
1,500 uS/cm) extends from southern Hendry County
through well HE-861 to the southeast into western Bro-
ward County (fig. 33). Much of thisarea has good con-
finement on the basis of the thickness of the upper
confining unit and on leakance values estimated from
aquifer tests (fig. 29). Thisareaof low specific conduc-
tance probably is caused by the movement of fresh
ground water to the southeast that hasits source as
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Figure 33. Distribution of specific conductance of water in the gray limestone aquifer during the wet season.
Limit of gray limestone aquifer is indicated by red dashed line.
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recharged meteoric water in Hendry County. Ground-
water flow, asindicated by the potentiometric surface
(fig. 31), is directed to the southeast in much of this
areaof low specific conductance. Additionally, an area
of high transmissivity (greater than 50,000 ft%/d) has
been mapped in this area, and it also extends to the
southeast (fig. 28). Hydraulic conductivity islikely to
be higher in adirection parallel to this area of high
transmissivity, and ground-water flow would tend to be
directed along this area as it moves downgradient.

SUMMARY AND CONCLUSIONS

The gray limestone aquifer of the surficial aqui-
fer system is a potential supplemental source for pub-
lic-water supply in central-south Florida. Prior to this
study, the relations between the wetlands and shallow
aguifers were not well defined, and additional hydro-
logic data were needed to improve characterization of
the hydraulic properties of the aquifers of the surficial
aquifer system. Stratigraphic and hydrogeologic corre-
lation between the east and west coastal areas in the
surficial aquifer system was needed.

To address these needs, 35 test wells were
drilled, of which 33 were continuously cored. All col-
lected cores sampleswere described, selected intervals
were analyzed for porosity and permeability, and thin
sections of selected sampleswere examined. Extensive
borehole geophysical logging was donein many of the
test wells. Wellswere installed at most test corehole
sites, and aquifer testing of the gray limestone aquifer
was conducted at six sitesthat included four multiwell
tests and six single-well tests. Water-quality data were
collected from all wellsinstalled, and synoptic water
levels of the gray limestone and water-table aquifers
were determined in 69 wells at 47 sites.

Thelithologic units of primary interest to this
study include the Peace River Formation of the Haw-
thorn Group, the unnamed formation, Tamiami Forma-
tion (Ochopee Limestone and Pinecrest Sand Member),
and younger rock and sediment of Pleistocene age. The
unnamed formation consists of relatively clay-free
quartz sands and sandstones overlying clay-rich silici-
clastics of the Peace River Formation and underlying
the lowest limestones of the Ochopee Limestone.

The Ochopee Limestone consists of mixed silici-
clastic-carbonate rocks that contain a heterozoan car-
bonate-particle association. The heterozoan carbonate
particles accumulated in acarbonate ramp depositional
system. The extensive carbonate ramp sequence that

forms the Ochopee Limestone could have been depos-
ited during transgressiveto high-stand conditionsin the
early Pliocene; the bounding marine siliciclastic shelf
deposits (unnamed formation and Pinecrest Sand)
were deposited during low-stand conditions. Subtle
regional-scale facies patterns that characterize ramp
depositional systems suggest that gross hydraulic prop-
erties of the gray limestone aquifer are predictable.

The gray limestone aquifer of the surficial aqui-
fer system includes moderately to highly permeable
limestones, sandstones, and sand of the Ochopee Lime-
stone. Additionally, quartz sands and sandstones of the
uppermost part of the unnamed formation were
included as part of the gray limestone aquifer if hydrau-
lic conductivity was high to very high, or if they con-
tained moldic porosity. The Ochopee Limestone part of
the aquifer is primarily composed of pelecypod lime
rudstones and floatstones with common skel etal-
moldic pore spaces. The aquifer overlies less-perme-
able quartz sand and sandstone of the unnamed forma-
tion and Peace River Formation. In most areas, the
aquifer is overlain by a confining to semiconfining
unit, and thisunit usually consists of poorly permeable
clayey quartz sands and terrigenous mudstones of the
Pinecrest Sand.

In general, the gray limestone aquifer thickens
where the base of the aquifer is structurally low and,
based on a previous study, where the top of a deeper
formation aso islow. This coincidence suggests that
the thickest deposition of the gray limestone aquifer
occurred in paleotopographic low areas, or that struc-
tural movements during deposition influenced the
thickness of the gray limestone aquifer. A northwest-
southeast trending fault is postulated to be present in
eastern Collier County based on structure at the base of
the gray limestone aquifer. Vertical offset at the base of
the aquifer caused by this fault could be as great as
60 ft. Local thickening of correlative units across the
fault to its downthrown side, found to occur at one of
the test corehole sites, is consistent with movement
along thisinferred fault during deposition of the
Ochopee Limestone and possibly the Pinecrest Sand.

Thegray limestone aquifer extends over most of
the study area except in asmall areain northwestern
Collier County. The gray limestone aquifer isthe same
asthe lower Tamiami aquifer in southern Hendry
County; to the west and south in Collier and Monroe
Counties, it becomes the water-table aquifer and the
upper part of the lower Tamiami aquifer. Thethickness
of the gray limestone aquifer ranges from 30 to 100 ft
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over most of the study area. The eastern limit of the
gray limestone aquifer occurs where permeable facies
that constitute the aquifer grade eastward into less per-
meabl e facies, or where the aquifer merges with the
Biscayne aquifer and the intervening semiconfining
unit wedges out. South of Tamiami Trail in Miami-
Dade County, the eastern limit of the aquifer corre-
sponds to the limits of the Ochopee Limestone carbon-
ate ramp where these rocks are transitional with less-
permesable siliciclastics of the Pinecrest Sand and the
unnamed formation.

The rock-pore types within the gray limestone
aquifer are mainly intergranular and separate vug
(skeletal-moldic) pore spaces. Solution-enlarged pore
spaces and minor intragrain, root-mold and boring
porosity are distributed locally. Aquifer tests and semi-
quantitative and quantitative core analyses of gray
limestone aquifer core samplesindicate that the rock-
fabric and associated primary and secondary pore
spaces combine to form adual diffuse-carbonate and
conduit flow system capable of yielding large quanti-
ties of water.

The transmissivity of the gray limestone aquifer
is reported to be as much as 90,000 ft2/d based on
historical aquifer test datafor Miami-Dade and Bro-
ward Counties. Transmissivity of the equivalent lower
Tamiami aguifer in Hendry County is as much as
125,000 ft?/d. Tests conducted during this study sug-
gest that transmissivity and hydraulic conductivity in
the gray limestone aquifer are at least as high as
300,000 ft?/d and 12,000 ft/d, respectively. Two areas
of high transmissivity (greater than 50,000 ft%/d), both
of which trend northwest-southeast, were mapped. One
extends through southern Hendry County and into
west-central Broward County, and the other extends
from central Collier County to northern Monroe
County. The very high transmissivity (as much as
300,000 ft?/d) in the area extending through eastern
Collier County could be associated with the structural
position of the aquifer inthisarea. Inthisarea, the aqui-
fer lies near the land surface and is unconfined to semi-
confined; greater rates of meteoric rechargeinthisarea
as compared to areas where the aquifer is better con-
fined could have enhanced dissolution in the aquifer.

Based on aquifer tests, hydraulic conductivity
within the aquifer isreported to range from about 200 to
12,000 ft/d, but this property for individua flow zones
probably is much larger. Flow-zone thicknesses within
the gray limestone aquifer were determined from heat
pulse flowmeter data; most of the flow within the aqui-

fer occurs within relatively thin zones that are highly
permeable. These flow zones are usually only 5to 10 ft
thick and are separated by intervals of low to moderate
hydraulic conductivity that can act as semiconfining
units. The hydraulic conductivity within the gray lime-
stone aquifer generally increases from east to west
across the study area, and this pattern isrelated to a
shallowing of the depositional profile of the Ochopee
Limestone carbonate ramp in the same direction.

The gray limestone aquifer is semiconfined or
confined in most areas but is unconfined to the south
and west in Collier and Monroe Counties. The thick-
ness of the upper confining unit ranges from 20 to 60 ft
in most of the area where the unit is present. The lea-
kance of the upper confining unit is as low as about
1.0 x 10°% 1/d based on aquifer tests. Siteswith alea-
kance of lessthan 1.0 x 10" 1/d, avalue considered to
indicate good confinement, are located in areas where
the thickness of the upper confining unit approaches or
ismorethan 50 ft. Areaswherethe upper confining unit
is50 ft thick or greater are in southwestern Palm Beach
County and parts of southern Hendry, eastern Collier,
Broward, and Miami-Dade Counties.

A semiconfining unit is present below the gray
limestone aquifer in most of the study area and is usu-
aly contained within the unnamed formation. This
semiconfining unit is usually underlain by confining
beds at the top of the Peace River Formation that mark
the base of the surficia aguifer system. In some areas,
the unnamed formation contains a sand aquifer, and
some confinement separates this aquifer from the gray
limestone aquifer based on lithol ogy, core sample anal-
ysis, analysis of aquifer-test and flowmeter data, and
changesinwater quality and hydraulic head. However,
some previous investigators have combined the gray
limestone aquifer and the sand aquifer of the unnamed
formation into one aquifer, referred to as the lower
Tamiami aquifer.

Water levelsin the gray limestone aquifer on
September 29, 1998, ranged from as much as 26 ft
above sealevel (North American Vertical Datum of
1988) in central Hendry County to less than 4 ft above
sealevel in coastal areas. The direction of ground-
water flow isto the south or southwest in part of south-
ern Hendry County, most of Collier County, Monroe
County, and western Miami-Dade County; in most of
the rest of the study area, flow isto the east or south-
east. Based on differences in water |evels between the
gray limestone aquifer and the overlying water-table
aquifer, recharge isindicated for the gray limestone
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aguifer in central and southern Hendry County, and dis-
chargeisindicated in eastern Collier County, Broward
County, and Miami-Dade County.

During the wet season (June through October),
the specific conductance of water from the gray lime-
stone aguifer ranged from less than 500 to greater than
6,000 puS/cm in the study area. However, in most
areas, specific conductance was 1,500 uS/cm or less, a
value that approximately equates to a dissolved chlo-
ride concentration of 250 mg/L. Areas of higher spe-
cific conductance (greater than 3,000 uS/cm) probably
are caused either by confining units, both above and
within the aquifer, which retard downward seepage of
recharged meteoric water into the aguifer, or by alow
potentiometric-surface gradient, or by both of these
factors. Specific conductance tendsto be high in areas
where the upper confining unit is 50 ft thick or greater.

An areawith a specific conductance of less than
1,500 pS/cm extends from southern Hendry County
toward the southeast into western Broward County.
However, much of this areaisindicated to have good
confinement, based on the thickness of the upper con-
fining unit and hydraulic properties estimated from
aguifer tests. An area of high transmissivity (greater
than 50,000 ftzld) was mapped in this area and trends
in the samedirection. The hydraulic head gradient also
isto the southeast in this area. Relatively rapid down-
gradient movement of ground water that has been
recharged in Hendry County probably causesthis area
of low specific conductance.
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APPENDIXES

For your convenience, the appendixes are provided separately—

Appendix | can be accessed at:

Appendix Il can be accessed at:

Appendix Il can be accessed at:
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